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ABSTRACT 
 
 
Z-pinning is a through-thickness reinforcement technology for polymer composite 
materials that has been developed and commercialised over the past fifteen years.  
The through-thickness reinforcement of composites with thin metallic or fibrous pins 
aids in suppressing delamination, improving impact damage tolerance and increasing 
joint strength.  Z-pins are applied to the composite part during its manufacture. Pins 
are embedded within sheets of foam and placed over the unconsolidated part. 
Subsequently, the foam is compacted and the pins transferred into the part, which is 
usually an uncured prepreg. In this manner, large numbers of pins can be inserted 
quickly and easily. The pinned composite is then cured using conventional processes.  
The use of z-pins is currently limited to several high performance composite 
structures, most notably Formula One racing cars and F/A-18 E/F (Superhornet) 
fighter aircraft, although the technology has potential applications in a diverse variety 
of aerospace and non-aerospace composite structures.  A limited understanding of the 
mechanical performance of z-pinned parts under high load and fatigue loading 
conditions currently hinders the application of z-pinned composites.   
 
The aim of this PhD project is to investigate the mechanical properties, strengthening 
mechanics and failure mechanisms of z-pinned carbon/epoxy laminates and joints. 
The effect of z-pin reinforcement on the tensile and flexural properties of laminates 
under monotonic and fatigue loading is studied. The sensitivity of these properties to 
the volume content and diameter of the z-pins is systematically studied by 
experimentation and analytical modelling.  This PhD also evaluates the efficacy of z-
pins in improving the load-bearing properties of carbon/epoxy lap joints. 
Improvements to the room temperature and elevated temperature properties of z-
pinned lap joints under monotonic and fatigue tensile loading were determined. The 
effect of strain rate on the load-bearing properties of z-pinned lap joints was also 
evaluated.  A further aim of the PhD project was to assess the z-pin manufacturing 
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process and the microstructural damage caused by that process. The outcome of this 
study augments the analysis of the mechanical properties of z-pinned laminates and 
joints. 
 
A comprehensive and critical review of the scientific literature regarding the 
mechanical properties and failure mechanisms of z-pinned laminates (and other types 
of 3D composites) is presented in this PhD thesis. The various mechanical properties 
of 3D composites are reviewed, including their tension, compression, compression-
after-impact, flexure, fatigue, delamination, and joint properties. The literature review 
reveals that there is little published information regarding the in-plane mechanical 
properties and strengthening mechanisms of z-pinned composites. Also, there is no 
published information about the fatigue properties of z-pinned composites. 
 
Chapter 3 in this thesis outlines the microstructural damage caused by the z-pinning of 
carbon/epoxy laminates.  Microstructural analysis reveals that z-pinning causes 
several types of damage, including out-of-plane fibre crimping, in-plane fibre 
distortion, dilution of the in-plane fibre volume fraction due to laminate swelling, and 
(possibly) clusters of broken fibres. In unidirectional laminates at high z-pin contents, 
resin-rich pockets form around the pins and coalesce into continuous resin channels.  
The effect of the diameter and volume content of the z-pins on the amount and types 
of damage is determined through microstructural analysis.  In addition, changes to the 
orientation of the z-pins during the z-pinning process are systematically studied for 
the first time. 
 
The effects of through-thickness reinforcement of carbon/epoxy laminates with thin 
fibrous pins on the tensile properties, tensile fatigue life and failure mechanisms are 
experimentally investigated and described in Chapter 4. Tensile studies are performed 
on unidirectional and quasi-isotropic laminates reinforced with different volume 
contents (0% to 4%) and sizes (0.28 & 0.51 mm) of z-pins. The elastic modulus of the 
laminates fell only a few percent at most, due to fibre dilution and fibre waviness. 
Monotonic tensile strength was degraded more significantly, falling linearly with 
increasing pin content and pin diameter. Comparison with prior data shows that the 
rate of strength degradation is dependent on the particular pin insertion method used 
to reinforce the laminate. Failure mechanisms under monotonic tensile loading 
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include fibre rupture, presumably controlled by clusters of broken fibres at the z-pins, 
and, in unidirectional laminates, longitudinal splitting cracks emanating from resin-
rich pockets. A simple model is presented for estimating the reduction in ultimate 
strength of laminates due to z-pinning.  
 
Z-pinning also has an adverse effect on the tensile fatigue performance of 
carbon/epoxy laminates.  Whereas non-pinned laminates show very modest fatigue 
effects under tensile loading, this was not the case for pinned composites, with 
strength falling by as much as 33% at 106 cycles. The slope of the fatigue life (S – N) 
curve tended to increase in magnitude with pin content and density, indicating the 
fatigue-induced damage accumulates more rapidly in the presence of z-pins. It is 
believed that the dominant fatigue mechanism was progressive softening and fibre 
damage in misaligned segments of the in-plane fibres around the pins.   
 
The effect of z-pinning on the flexural properties and fatigue life of carbon/epoxy 
laminates was also investigated.  It was found that the flexural strength decreased with 
increasing volume content and diameter of the z-pins, due principally to fibre breaks 
caused in the z-pinning process. The fatigue life was also reduced significantly due to 
z-pinning, and this was attributed to the initial knockdown in the monotonic flexural 
strength. The failure mode of the composite changed from delamination to localised 
fibre rupture with increasing pin content, and this transition in failure behaviour 
accounts for the reduction in flexural strength and fatigue endurance. An analytical 
model is proposed to calculate the fatigue life of a z-pinned composite loaded in 
flexure based on the static flexural strengths.  
 
The effect of z-pinning on the static tensile strength, fatigue life and failure 
mechanisms of single lap joints was theoretically and experimentally investigated and 
reported in Chapter 6. Pinning was found to be highly effective in increasing the 
ultimate strength, elongation limit and fatigue life of the lap joints studied. 
Improvements to the monotonic and fatigue properties are due to a transition in the 
failure mechanisms from joint debonding in the absence of pins, to pull-out and/or 
transverse shear fracture of pins, to tensile failure of the laminate, depending on the 
volume content and diameter of the pins. Analytical expressions based on pin 
deformation mechanics are presented for predicting these transitions in failure 
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mechanisms as the volume content and size of pins increases. The ultimate strength 
and compliance of z-pinned lap joints over a wide range of loading rates was studied 
to determine the strain-rate sensitivity of the pins. The effect of z-pin diameter and 
volume content on the joint properties was investigated at loading rates between 0.1 to 
500 mm/min. It was found that the tensile strength was not dependent on the loading 
rate over this range. 
 
The improvement to the elevated temperature properties of composite lap joints due to 
z-pinning was investigated and reported in Chapter 7. Tensile tests were performed at 
temperatures between 25ºC and 250ºC on single lap joints manufactured from 
carbon/epoxy composite. The properties of the unpinned and z-pinned lap joints 
decreased with increasing temperature due to visco-plastic softening of the polymer 
bond-line, however the z-pins provided superior elevated temperature properties. 
Transitions in the strengthening mechanism and failure mode of the z-pinned lap joint 
occurred with increasing temperature. At room temperature the z-pins suppressed 
failure of the polymer bond-line, and instead the joint failed in the laminate adherend. 
At elevated temperature the failure mechanism changed to cracking of the softened 
bond-line followed by debonding and pull-out of the z-pins. This study demonstrates 
that z-pins can improve the tensile strength and failure limit of composite lap joints at 
elevated temperature by as much as 50%. 
 
 
The major outcomes and original contributions of this PhD project are that: 
• the microstructural damage to carbon/epoxy laminates during the z-pinning 
has been  characterised 
• the effects of z-pinning on the strengthening mechanisms, failure modes 
and fatigue performance of carbon/epoxy laminates have been determined 
under tensile and flexural loading 
• empirically-based models have been formulated for predicting the reduction 
in tensile and flexural strengths of z-pinned laminates 
• the efficacy of z-pinning in improving the load-bearing and fatigue 
properties of composite lap joints has been determined  
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• mechanics-based models have been developed for predicting the failure 
mechanisms of z-pinned lap joints, and 
• a model has been developed to estimate the tensile fatigue life of z-pinned 
joints. 
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Chapter 1  
 
Introduction 
 
1.1 Background to this PhD 
Fibre-reinforced polymer (FRP) laminates are plagued by low delamination resistance and 
poor impact damage tolerance because of a lack of through-thickness reinforcement. This is 
why components made from FRP laminates are conservatively designed with safety factors 
that can tolerate the presence of undetected damage. If delamination damage can be prevented 
or its propagation arrested, weight can be saved from over-engineered structures because 
higher design allowables would be permitted. Furthermore, the cost of conducting the 
frequent inspection, repair and replacement currently required would be reduced. 
 
Structures prone to impact, in-plane shear loads and through-thickness tensile loads use 
composites inefficiently because allowance must be made for damage. In order to make 
laminates an attractive structural material option for these loading conditions, new materials 
and reinforcement techniques have been developed that improve the delamination toughness 
and impact resistance characteristics. These include toughened resins, fibre treatments, 
through-thickness stitching, tufting, and through-thickness weaving. An important emerging 
technology for the through-thickness reinforcement of laminates is z-pinning. Z-pins are short 
rods made from metal or unidirectional fibre polymer composite (Figure 1) [1].  
 
Z-pinning is a through-thickness reinforcement technology primarily used in laminated 
composite prepreg materials which, in turn, are used in high performance applications on 
aircraft. As such, z-pinning functions as an effective delamination suppressing agent and also 
improves post-impact toughness and joint strength.  
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Figure 1. Relative size of a z-pin and a household matchstick.  
 
When reinforced with z-pins, prepreg laminates become 3-D composites because there is now 
reinforcement in the though-thickness direction. This improves delamination resistance and 
impact damage tolerance [2]. Z-pinning is a technology which can serve many purposes, 
including:  
- increasing out-of-plane strength [3-5]  
- increasing damage resistance against low energy impact and explosive blast loading 
[2] 
- increasing through-thickness thermal conductivity [1] 
- reinforcing structural joints and a means of attachment for secondary structures 
- global or local reinforcement [1] 
- providing a structural network for sandwich cores [1] 
- replacing fasteners [1] 
- joining aluminium [6] 
- repairing damaged composites [1]. 
 
Z-pinning technology is relatively new and z-pinned composites are slowly being introduced 
into service. Formula 1 cars use z-pins to prevent delamination in the roll hoop [7]. F-18 E/F 
Super Hornets use z-pins as a fastener replacement [7] where as many as 4600 titanium 
fasteners are replaced. This allows a weight saving of 17 kg and a cost saving of US$83,000 
per aircraft. 
 
This PhD aims to characterise the in-plane mechanical properties of z-pinned composite 
laminates. There has been much published work regarding the out-of-plane properties of z-
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pinned laminates, such as delamination toughness and impact resistance. Little work, 
however, exists on the in-plane properties and failure mechanisms of these materials.  
 
1.2 Aims and Scope of this PhD 
The aim of this PhD project was to determine the effect of z-pinning on the in-plane 
mechanical properties, joint properties and failure mechanisms of polymer laminates.  The 
study focused on the effect of z-pinning on the properties of carbon/epoxy laminates, rather 
than other types of laminated composites, because of their dominance in aircraft composite 
structures.  The PhD project undertook an extensive review of the scientific literature to 
determine the current state-of-the-art in z-pinning technology as well as to establish the gaps 
in the current knowledge regarding the properties of z-pinned laminates.  A key aim of the 
PhD project was to determine the effect of z-pinning on the microstructure of polymer 
laminates.  Understanding the microstructure is essential to understanding the mechanical 
properties and failure mechanisms of z-pinned laminates.  Changes to the microstructure 
during the z-pinning process were studied experimentally, and the formation of 
microstructural defects (eg. distorted fibres, resin-rich regions) with increasing volume 
content and diameter of z-pins was determined.  The effect of z-pinning on the tensile and 
flexural properties of carbon/epoxy laminates under monotonic and fatigue loading was 
studied.  The changes to the elastic modulus, ultimate strength, fatigue life and failure 
mechanism with increasing volume content and diameter of the z-pins was determined, and 
related to changes in the microstructure.  The efficacy of z-pinning in improving the strength 
and fatigue life of lap joints was determined.  Improvements to the ultimate failure strength 
and in-plane fatigue performance of carbon/epoxy joints with increasing pin content and pin 
size was determined at room temperature.  The project also evaluated the efficacy of z-
pinning on the strengthening of joints at high temperature.  It is envisaged that the 
experimental data and analytical models arising from this PhD project may be used to support 
the design of structurally efficient aircraft composite structures reinforced with z-pins. 
 
1.3 Thesis Outline 
Chapter two presents a literature review that describes the state-of-the-art for the z-pinning of 
composites. The key microstructural features of z-pinned composite laminates are discussed. 
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All of the published work on the mechanical properties of z-pinned composites are reviewed, 
and gaps in the current understanding of these materials are identified.   
 
The z-pinning process is characterised in chapter three. The effect of z-pin diameter on key 
microstructural features is quantified. These features include the dimensions of the region of 
distorted fibres, the angle subtended by parted fibres and the area of resin-rich zones. The 
effect of pin diameter on the pin inclination angle is also determined. Finally the relationship 
between z-pin diameter or content on the thickness of unidirectional, cross-ply and woven 
prepreg laminates is described.  
 
The experimental investigation of the tensile properties and fatigue life of z-pinned laminates 
is described in chapter four. Both unidirectional and quasi-isotropic carbon/epoxy laminates 
were used for the two main streams of study, these being the effect of pin diameter and 
content on the tensile strength and modulus, and the effect of pin diameter and content on the 
fatigue life. The mechanism of failure is discussed and a formula to predict the fatigue life 
using fundamental z-pin and composite material parameters was generated from the 
experimental findings.  
 
A systematic investigation of the effect of pin diameter and content on the flexural properties 
and fatigue life of carbon/epoxy composite is presented in chapter five. Five-harness satin 
weave prepreg composite laminates were used to study the effect of z-pins in four-point 
bending. The failure modes were identified and a simple formula to predict the flexural 
fatigue life of z-pinned composites is presented.  
 
The tensile strength and fatigue life of single lap joints reinforced with z-pins is determined in 
chapter six. Emphasis is placed on the effect of pin diameter and content on the ultimate and 
fatigue strength of joints manufactured from five-harness satin weave composite laminate 
adherends. The fatigue behaviour of the joints was related to the z-pin and material 
parameters. A simple expression for the prediction of fatigue was obtained by combining 
these parameters with some empirical constants. Static tests were also conducted at different 
strain rates to determine the effect they have on the single lap joint strength. Chapter seven 
presents a study of the effect of z-pin diameter and content on the elevated temperature 
strength of single lap joints.  
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Chapter 2  
 
Literature Review 
 
 
 
 
 
 
2.1 Introduction 
 
A historical perspective of the z-pin technology may be gained by understanding that the first 
reported use of short rods for reinforcement of polymer laminates was by Huang et al in 1978 
[8]. As shown in Figure 2, short rods of steel wire were inserted at angles of ±45º to reinforce 
a carbon/epoxy laminate in the through-thickness direction. This improved the short beam 
shear strength of up to 73%. In response to these findings, Huang and colleagues suggested 
that there be further development of the reinforcement technique, although it was not until the 
late 1980s that major advances occurred in the technology.  
 
Foster-Miller Inc., with headquarters in Boston MA, investigated the concept of z-pinning 
and developed a method for inserting rods or pins into laminates [1, 9]. The potential of the 
technology after a decade of work prompted Foster-Miller to establish a ‘spin-off’ company 
to handle z-pinning exclusively. Aztex Inc. was formed in the mid 1990s and has since 
introduced a series of breakthroughs in z-pinning technology. Building upon Foster-Miller’s 
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original concept of a preform containing z-pins (Figure 3), Aztex has developed methods for 
applying z-pins to complex structures, more controlled insertion techniques, and integrating 
z-pins into ready made products such as sandwich cores. As at the end of 2004, Aztex Inc. is 
the leader in z-pinning technology and the sole supplier of materials and expertise to 
industries around the world. 
 
 
 
Figure 2. Wire reinforcement concept by Huang et al [8]. 
 
2.2 Z-Pinning Process 
2.2.1 History 
The tools and methods used to manufacture a z-pin reinforced composite are described in this 
section. The process of z-pin insertion was patented by Boyce et al [9] in 1998. The original 
method, which came before the patent, is shown schematically in Figure 4. The suggested 
practice for inserting z-pins started with the placement of a foam preform which contained a 
grid of embedded z-pins on top of a prepreg stack. During the cure stage inside an autoclave, 
the foam is compressed under pressure and the z-pins are driven into the composite. The heat 
inside the autoclave causes the polymer matrix to soften, which facilitates the insertion of the 
pin. After the pins have been inserted and the prepreg cured, the material is removed from the 
autoclave. The foam residue and excess length of z-pin is removed along with the bleeder and 
release ply [2]. There has only been one instance reported in the literature where this 
technique was used [10]. There is no report on the effectiveness of this method of z-pin 
insertion.  
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Figure 3. Z-pins in foam preform. 
 
 
 
Figure 4. Non-ultrasonically assisted z-pinning process from Childress et al [11]. 
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2.2.2 Ultrasonically Assisted Z-Pinning (UAZ) 
The ultrasonic insertion method, called the Ultrasonically Assisted Z-Fiber® process by 
Aztex Inc. (Figure 5) is currently the most widely used method of z-pinning composites [3, 
12-14]. An ultrasonically actuated gun (operating at a frequency of 20kHz) with a solid metal 
contact surface is used to push the z-pins from the foam preform into the composite. The high 
frequency ultrasonic vibrations reduce the force required to insert the z-pins. Heat is also 
generated by the vibration that assists the insertion by softening the matrix resin in the 
prepreg [15]. Unlike the co-cure insertion method, the residual foam and excess z-pin are 
removed prior to curing.  
 
 
Figure 5. Ultrasonically assisted z-pinning process. 
 
Ultrasonic insertion can be manually accomplished using a hand-held gun, Figure 6. The 
entire z-pinning process can also be automated. Z-pinning gantries (Figure 7) perform the 
following functions: (1) feed individual block preforms from a cartridge, (2) crowd the 
preform blocks into place, (3) complete the insertion cycle automatically, (4) shear off the 
residual preform, and (5) remove the residual preform via a vacuum [15].  
 
By comparison, ultrasonic insertion is advantageous over the co-cure insertion process 
because it allows more control of the depth of insertion. It was not established whether the 
‘insertion-during-cure’ approach can ensure that all z-pins are inserted to the correct depth.  
 
 — Literature Review — 
 9  
The UAZ method is the current and most convenient means of z-pinning. 
 
 
Figure 6. Handheld ultrasonic z-pinning tool. 
 
 
Figure 7. Z-pinning gantry from Troulis et al [16]. 
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Z-pinning can be customised by adjusting a the pin material, pin size, pin density, pin angle, 
and pin pattern. The first two parameters are controlled by the z-pin fabrication process. The 
last three parameters are determined by how the z-pins are arranged within the preform. 
Density is adjusted by changing the spacing between pins, Figure 8. Pin angle is the 
orientation of the pins when they are embedded, Figure 9. The array pattern describes 
whether the pins are arranged in rows or some kind of alternating arrangement, see Figure 10.  
 
 
(a)                                        (b) 
Figure 8. Z-pin density illustration with a fixed z-pin diameter at (a) 2 percent and (b) 4 percent areal 
densities – depicted with accurate relative proportions.  
 
 
(a)                                              (b) 
Figure 9. Z-pin angle showing (a) ideal orthogonal and (b) angled alignment. 
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(a)                                            (b) 
Figure 10. Z-pin array showing (a) orderly square array and (b) haphazard arbitrary array. 
 
Composite z-pins are most widely used in research [2, 3, 12, 13, 17, 18]. The most common 
type of z-pins are pultruded continuous carbon/bismaleimide rods. Different pin materials 
will imbue z-pins with different characteristics. 
 
- pan-based carbon/epoxy for regular composite reinforcement 
- pitch-based carbon/epoxy for through-thickness thermal conductivity 
- carbon and BMI/PMR for high temperature composites 
- stainless steel/titanium for high interlaminar shear conditions [2] 
 
The diameter of the rods used for z-pinning is generally between 0.15 mm and 0.5 mm [2, 3, 
8, 12-14, 17-19]. It has been stated that the diameter may be up to 1 mm [3, 12], but there 
have been no such reported use. The areal densities that are most commonly used range from 
0.5% up to 4% [2, 3, 8, 12-14, 17-19], although up to 10% reinforcement has been used in 
exceptional cases [2]. The length of a typical z-pin is 12 mm. It is noted that z-pins within a 
preform are chamfered at the tips (Figure 11), to assist the insertion. 
  
Ever since z-pins have become commercialised, the aim has been to have pins embedded 
orthogonally within the composite – aligned perfectly with the z-axis, see Figure 9(a). All 
work with the exception of Huang et al 1978 [8] and Rugg et al 2002 [18] chose the 
orthogonal alignment for through-thickness reinforcement.  
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Figure 11. SEM of tip of a z-pin with chamfer. 
 
The z-pinning process itself has not been the subject of extensive research that has been 
reported in the public domain. Virtually all of the research relating to how z-pins are inserted 
has been conducted by Aztex Inc. for commercial gain. On the other hand researchers have 
been more concerned with the mechanical properties and strengthening mechanics of z-
pinned composites than with the quality of reinforcement achieved with current z-pinning 
techniques. The z-pinning process is far from perfect and warrants much more scrutiny as the 
following section regarding microstructure shall reveal. 
 
2.3 Architecture of Z-Pinned Composite  
For the sake of clarity, the distinction between macrostructure and microstructure is made 
based on scale. As with all composite material, a z-pinned laminate has these two levels of 
architecture. Macrostructure can be examined with the naked eye and has length scale from 
mm, whereas microstructure cannot be resolved without the aid of magnification equipment. 
For a z-pinned composite, unique features at both the macro- and micro- scale have a bearing 
on the mechanical properties of the pinned composite.  
 
A microstructural study can be used to determine the mechanisms that control material 
behaviour under load. One micrographic technique that is commonly used in microstructural 
investigation is scanning electron microscopy (SEM). This technique is useful for identifying 
features such as fibre breakage and matrix cracking which are important when studying 
 — Literature Review — 
 13  
material properties. Interrupted testing is also a valuable tool that enables the mapping of 
load-driven damage growth. The microstructure of z-pinned composites have the following 
architectural features:  
- fibre waviness 
- crimp 
- resin-rich zones 
- broken fibres 
- interfacial disbonds 
- angled through-thickness reinforcement (TTR) 
 
What follows is a description of each of these features and the effect they have on material 
properties. 
 
2.3.1 Fibre Waviness 
Fibre waviness is depicted in Figure 12. It is caused by the parting of nominally parallel in-
plane fibres by a z-pin. The same geometry is observed in composites with through-thickness 
weaves or stitches [20-22]. It has been observed that fibre waviness reduces the in-plane 
tension and compression properties of z-pinned composites (affecting both strength and 
modulus) [19, 23-25]. This is also observed in 3D woven and stitched composites [20-22, 26-
32].  
 
 
Figure 12. Fibre waviness. 
 
Rows of pins can sometimes fail to align completely with longitudinal fibres. When one pin is 
offset a little to the right of the nominal pin-line and the adjacent pin offset to the left (Figure 
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13), this may cause the fibres of the laminate to weave around the z-pins in a manner that 
increases further the degree of fibre waviness [19, 25].  
 
 
Figure 13. Fibre waviness. 
 
2.3.2 Fibre Crimp 
Fibre crimp is the out-of-plane misalignment of planar fibres as illustrated in Figure 14. It 
arises from the act of inserting a z-pin. In-plane fibres part and crimp to accommodate the 
mechanically inserted z-pin causing both fibre waviness and fibre crimping, respectively. 
Fibre crimping also occurs in stitched and 3D woven composites by the loops connecting the 
through-thickness reinforcement pressing into the in-plane fibres [20, 26].  
 
 
Figure 14. Fibre crimp. 
 
Steeves and Fleck 1999 [19] reported that fibres that are crimped in unidirectional 
carbon/epoxy laminates are invariably broken. Fibres that do not crimp (in the x-z) distort in-
plane (x-y). It was also noticed that cross-ply laminates inhibit crimp to some degree [19]. 
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2.3.3 Resin-Rich Zones 
Resin-rich zones are “pools” of resin that fill the voids left by the fibres when parted by a z-
pin. The in-plane displacement of fibres creates resin-rich zones (Figure 15a). Similarly, out-
of-plane fibre displacement in the manner of fibre crimp also creates resin-rich zones (Figure 
15b).  
 
 
(a) 
 
 
(b) 
Figure 15. Diagrammatic representation of resin-rich zones coloured grey around (a) in-plane fibrewaviness 
and (b) out-of-plane fibre crimp.. 
 
2.3.4 Broken Fibres 
It is expected that the insertion of z-pins creates a small number of broken fibres in a prepreg. 
Inserting pins will create crimp and waviness in the fibres of the prepreg provided the matrix 
is compliant. Pin insertion is assisted by the use of heat and ultrasonic vibration. However, it 
is still likely that a small number of fibres will become caught under the pin and be broken.  
 
The insertion of through-thickness reinforcement has been shown to abrade and scratch the 
load-bearing fibres. This was observed in stitched and woven glass laminates [33-35]. This is 
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not something that may be observed by inspecting the as-pinned microstructure but an 
observation made after mechanical tests revealed a loss of tensile strength. It is speculated 
that z-pinned composites may reflect similar characteristics based on their similarity to 
stitched and woven composites.  
 
2.3.5 Interfacial Disbonds 
During the curing of a prepreg stack embedded with z-pins, the matrix resin flows and bonds 
to the walls of the pin. However, upon cooling to room temperature the different coefficients 
of thermal expansion of the pin and laminate creates thermal stresses that may cause cracking. 
The cracks occur at or near the matrix – z-pin interface as a disbond [36]. Intuitively, a 
disbond between the composite and z-pin would imply a reduced effectiveness of the 
through-thickness reinforcing capacity, but this has not been observed. It has been proposed 
that the friction between the pin and the surround composite is significant [37-39].  
 
 
Figure 16. Disbond crack at the z-pin/laminate interface from Sweeting and Thomson [36]. 
 
2.3.6 Misaligned Z-Pins 
Unless very carefully controlled, it is very likely that z-pins will become embedded in 
laminates at angles deviating from the orthogonal alignment (Figure 9). This configuration is 
undesirable because the principle of through-thickness reinforcement relies on the presence of 
load carrying fibres aligned with the through-thickness direction. Therefore, composites with 
misaligned z-pins do not fully realise the reinforcement potential of the inserted pins.  
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Section 2.3 represents a review of open source literature on the microstructure of z-pinned 
composites. However, it still remains a modest level of understanding. There has been no 
quantitative study of the geometrical characteristics of the microstructural architecture. Nor is 
there information concerning the alignment of the z-pins in the through-thickness planes of 
the composite.  
 
2.4 Mechanical Properties and Failure Mechanisms 
With regards to mechanical properties this thesis shall consider only the following properties 
for z-pinned composites: in-plane tension, in-plane compression, flexure, mode I 
delamination, mode II delamination, and mixed-mode delamination. The properties of other 
types of 3D reinforced composites, included stitched and 3D woven materials, have been 
reviewed elsewhere [40]. 
 
2.4.1 Delamination in Mode I 
The delamination properties of z-pinned composite laminates have been covered in great 
detail. Freitas et al [2] studied the mode I delamination strength of 0.28mm diameter pins in 
36 ply unidirectional carbon/epoxy laminate at three areal densities: 0.5%, 1.0%, and 1.5%. A 
double cantilever beam specimen was used for mode I fracture testing (Figure 17). The effect 
of 0.5%, 1.0% and 1.5% was to increase G1C by 18, 36 and 50 times, respectively, over the 
control specimen. This level of improvement is similar or greater than that achieved with 
other types of 3D composite reinforced over the same areal fraction of through-thickness 
fibres.  
 
Figure 17. Mode I fracture specimen from Freitas et al. [2]. 
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Cartié and Partridge also used double cantilever beam specimens manufactured from 24 ply 
unidirectional carbon/epoxy laminates, and tested the effect of pin diameter (0.28mm and 
0.51mm) and pin density (0.5% and 2.0%) on the mode I delamination strength [3]. The 
specimen was similar to Figure 17. The effect of 0.5% and 2.0% areal density was found to 
increase GIC by 3 and 15 times, respectively, over the control specimen. The effect of using a 
smaller pin diameter (0.28 mm) over a larger pin diameter (0.51 mm) on G1C was found to be 
a positive increase, with the small pin diameter producing GIC 15 times better than the control 
specimens whereas the larger pin diameter increased GIC by 5 times.  
 
The failure surfaces of z-pinned carbon/epoxy composites in mode I show pin pull-out 
(Figure 18) and resin-rich areas in the vicinity of the pins [3]. It was also observed that cracks 
propagate from one discrete row of pins to the next, however the crack growth rate slows 
down at each row (as confirmed by in-situ SEM and acoustic emission tests) [3, 12].  
 
 
Figure 18. Micrograph of z-pin pull-out from Cartié and Partridge [12]. 
 
The mode I delamination fracture has been studied by Liu and Mai using theoretical analysis 
and computer simulation [41]. The bridging force of the z-pin was calculated using a model 
based on single fibre pull-out. Relationships were established between the applied load and 
mode I delamination crack opening that accounted for the effects of areal density, z-pin 
diameter, longitudinal Young’s modulus of the z-pin, interfacial strength and friction of the z-
pin/laminate interface. It was found that although the mode I delamination strength increased 
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with increasing z-pin modulus, the increase was not significant. It was found that the mode I 
toughness did not increase significantly with pin/laminate interfacial shear strength, but with 
interfacial friction after the pin debonds from the laminate. In terms of the load-displacement 
curve of mode I delamination, modelling confirmed that load was greatly increased by z-
pinning and this load increases with increasing interfacial friction coefficient. Similarly, the 
experimental findings on the effects of z-pin areal density and diameter corroborated the 
theoretical predictions. 
 
In other work Cartié and Partridge [42] created numerical tools to determine the optimal use 
of z-pins so as to limit the expensive and time consuming experimental work. However, the 
model required the use of experimental data to accurately predict G1C for the composite. It 
was determined that the model could be improved by incorporating Cox’s constitutive model 
for fibre tow bridging of a delamination crack [43]. Doing so would remove the need for 
empirical data when the model is used on different materials.  
 
2.4.2 Delamination in Mode II and Mixed Mode I/II 
Cartié and Partridge [12] studied the mixed-mode delamination of 24 ply unidirectional 
carbon/epoxy laminates using end notch flexure (ENF) specimens. The effect of z-pin areal 
density was determined. Control specimens containing no pins exhibited catastrophic failure 
whereas the pinned specimens showed stable crack growth. Specimens were pinned with 1% 
and 2% areal densities. As shown in Table 2 these increased the GI/II for both crack initiation 
and propagation. The crack propagation resistance was increased by 6 fold and 18 fold for 1% 
and 2% areal densities, respectively. A substantial increase. 
 
Table 1. Crack initiation and propagation resistance for mixed mode loading (MI / MII = 1/1), from Cartié 
and Partridge [12]. 
Areal Density (%) 
(0.28mm diameter) 
Crack Initiation (J/m2) 
and % change 
Propagation (J/m2)  
and % change 
Control 
1%  
2% 
260 
336  
360 
 
(+29%) 
(+38%) 
410 
2600 
7500 
 
(+630%) 
(+1830%) 
 
Cartié and Partridge investigated the effect of pin diameter using 24 ply unidirectional 
carbon/epoxy laminate ENF specimens [3]. The areal density was held constant at 2% while 
two pin diameters 0.28 mm and 0.50 mm were tested. Although both types of pin diameters 
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increased the mode II delamination resistance well above the unpinned control specimen, the 
difference between the two was marginal. The smaller diameter pins were 15% more 
effective than the larger diameter pins. 
 
The failure mechanism for mode II delamination typically involved shear failure of the first 
two rows of z-pins and the pulling out of the remaining pins. In the ENF specimens, the crack 
tip loading regime from the end of the specimen to the end of the second rows of pins was 
predominantly mode II, followed by pull-out of pins beyond the second row. This was 
interpreted as a change from mode II to mixed-mode loading [12].  
 
Graftieaux et al [13] investigated the effect of z-pin areal density in mode I and mode II 
fatigue loading. Mode I loading was performed in DCB specimens and mode II in end-loaded 
split specimens for mode II. Unidirectional carbon/epoxy laminates with 16 ply thickness 
were pinned with 0.5 mm diameter pins at 1% and 2% areal densities. Mode I results showed 
an improvement in fatigue response over control samples. There was no significant 
improvement in the fatigue response of mode II loaded specimens due to pinning. The tests 
provided some early indications of the delamination fatigue behaviour of z-pinned laminates 
and highlighted some of the problems that arose from the testing methods that were used.  
 
There has only been one significant paper on the subject of the modelling and prediction of 
the response of z-pinned laminates to mode II and mixed-mode loading. Cox and Sridhar [38] 
derived analytical expressions that relate the bridging tractions and crack displacements in 
pure mode II and mixed-mode loading scenarios for z-pinned laminates. The model functions 
principally as a guide to materials and process optimisation for through-thickness 
reinforcement.  
 
2.4.3 Tension Properties 
There have only been two research papers that have studied  the tensile strength of z-pinned 
composite laminates. Stringer and Hiley [14] tensile tested 24-ply quasi-isotropic 
carbon/epoxy laminates pinned at an areal density of 2% using 0.51 mm diameter z-pins. The 
specimen gauge was 150 mm long and the full length of the specimen was pinned except for 
the area underneath the end tabs. It was determined that the pins caused a knockdown of 20% 
to the tensile strength. Freitas et al [2] tested three kinds of composite each with a different 
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pin diameter, but with the common areal density of 0.5%. There was a 24 ply orthotropic 
carbon/epoxy laminate pinned with 0.20 mm carbon/epoxy pins, a woven laminate of RMS-
60 with 0.15 mm carbon/epoxy pins, and a 24-ply quasi-isotropic laminate of APC-2 pinned 
with 0.51 mm carbon/BMI pins. The outcome for all three was tensile strength knockdowns 
of between 3 to 7 percent. The modulus increased 7.4% for the carbon/epoxy orthotropic 
laminate, decreased 1.4 percent for the woven  RMS-60 laminate and increased 11.2 percent 
for the quasi-isotropic laminate of APC-2.  
 
The mechanism for the knockdown in tensile strength caused by z-pins in composite 
laminates have not been researched. Neither Stringer and Hiley [14] nor Freitas et al [2] 
discussed the failure mode. Likewise, the mechanism responsible for the change in elastic 
modulus due to z-pinning has not been determined. As such there are no published models for 
predicting the loss of tensile strength or change in Young’s modulus in a composite laminate 
containing z-pins.  
 
2.4.4 Compression Properties 
Steeves and Fleck [25] investigated the effect of z-pins on the compression properties of 
unidirectional and cross-ply carbon/epoxy laminates. The unidirectional laminates were 1 mm 
thick and the cross-ply laminate was 2 mm thick. Celanese compression specimens were used 
with a 10 mm × 10 mm gauge region. The small gauge region was pinned with two different 
arrays, a 3×3 array and a single row 1×3. The pins were 0.28 mm diameter pins and were 
spaced 3.5 mm apart. The first result was that z-pinned cross-ply specimens showed no 
change in compression strength compared to the control specimen. Secondly, it was 
determined that the strength of the unidirectional z-pinned specimens was up to 33% less than 
that of the unpinned control specimens. By differentiating between the results from the 3×3 
pin array and the single row of pins, it was established that the reduction in compression 
strength was a function of fibre waviness. In the case of the single row of pins, the fibre 
waviness was little more than that already present in the unpinned laminate, and therefore 
compression strength was largely unaffected. However, in the 3×3 array it was observed that 
the fibres weaved from side to side in a manner depicted in Figure 13. The additional 
misalignment of load bearing fibres lowered the load at which microkinking occurred, thus 
reducing strength significantly (Figure 19). Kinking theory was applied using finite element 
modelling to successfully predict compression strength [23]. The dependence of compression 
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strength on the waviness of fibres suggested that z-pinning should be optimised to reduce 
waviness. Despite this study and the potential uses of z-pinned laminates in compressively-
loaded aircraft structures, much remains unknown regarding the effect of z-pinning on the 
compression properties of  laminates. The sensitivity of the compression modulus, strength, 
fatigue life and failure mechanism to the diameter, volume fraction and material composition 
of z-pins have not been determined.  
 
 
Figure 19. Microkinking from Steeves and Fleck [25]. 
 
2.5 Conclusions 
The current body of knowledge regarding the properties of z-pinned composite laminates is 
incomplete. Beginning with the effect of z-pins on the architecture of the composite, no study 
has comprehensively examined and quantified the damage and microstructural changes in the 
composite laminate caused by z-pins. The most important factors to examine would be the 
location and severity of the effect of z-pin diameter and areal density on fibre waviness, 
crimp, resin-rich zones and broken fibres. 
 
The delamination properties of z-pinned composite laminates has been well reported. The 
improvements in delamination resistance are significant, with of GIC and GIIC well above the 
unpinned material. The failure mode and mechanism have been characterised through 
experimental observation and predicted using numerical (FE) and analytical modelling. The 
effect of z-pin areal density on the delamination fatigue properties has been observed. Some 
improvement was noted in mode I and no significant changes were reported in mode II. 
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Problems were discovered in fatigue loading and improvements to the testing method were 
suggested.  
 
The compression properties were studied and it was confirmed that in the worst case, a 
unidirectional laminate loses as much as a third of its strength. The mechanism of 
compressive failure was identified as the contribution of the z-pins to fibre waviness in the 
composite. Finite element models based on kinking theory were able to predict the loss of 
strength in the composite. It was established that optimisation of the pinning field to reduce 
the degree of fibre waviness would improve the compression strength of unidirectional 
laminates. Cross-ply laminates exhibited insignificant changes to compressive strength from 
z-pins.  
 
The tensile properties of laminates containing z-pins have not been studied in detail. A few 
experimental studies using very modest areal densities have reported small knockdowns to 
the tensile strength and inconsistent effects on modulus. The failure modes have not been 
described and there has been no discussion of the failure mechanisms. Apart from tension, 
there has been no reported work on the effect of z-pins in lap joints or laminates under 
flexural loading.  
 
Delamination fatigue has been investigated, but only the effect of areal density was studied 
and no definitive conclusions were drawn. No model exists to predict the fatigue life of 
pinned composites.  
 
This thesis aims to address the gaps in the literature by undertaking experimental 
investigations to study the microstructure, tensile properties, lap joint properties, flexural 
properties and the fatigue properties in all of the aforementioned loading regimes. In studying 
the microstructure of z-pinned laminates the process or method of z-pinning will be 
characterised. The characterisation will examine the effects of z-pin diameter and areal 
density and the effects of these two parameters will carry through each of the different modes 
of testing. The aim of this program will be to provide a systematic approach that determines 
the effect of the two basic parameters in z-pin design on behaviours in both the monotonic 
and cyclic loading aspects.  
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Chapter 3  
 
Characterisation of the Z-Pinning Process 
 
 
 
 
 
 
3.1 Introduction 
Microstructural changes to the fibre architecture of composites that are caused by the 
insertion of z-pins are known to alter the mechanical properties [1, 2, 24, 25, 44]. The 
relationship between the amount of damage to the composite and the size of the z-pins is a 
fundamental step towards understanding the influence z-pinning on the mechanical 
properties. Currently, the damage caused by a z-pin has not been quantified in a systematic 
manner.  
 
The damage to composite fibres in unidirectional laminates caused by z-pins will be 
quantified in this chapter. The effect of z-pin diameter on the size of the region of distorted 
fibres; the angles subtended by (z-pin) parted fibres, and the area of resin-rich zones is 
systematically investigated. The damage in satin weave laminates will also be assessed. The 
effect of z-pin diameter on the inclination angle will be determined. The angles will also be 
measured after each manufacturing step of the z-pinning process to identify the extent to 
which each step adds/subtracts from the final angle. The effect of z-pinning on the thickness 
of unidirectional, quasi-isotropic and satin weave laminates will be determined.  
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3.2 Materials & Experimental Techniques 
Z-pins were inserted in the orthogonal direction through uncured prepregs using a hand-held 
ultrasonically actuated horn in a process that is shown schematically in Figure 20, and is 
described in detail by Freitas et al. [1, 44]. The as supplied z-pins are arranged in a square 
pattern within a low-density foam preform. The foam is used to ensure a uniform distribution, 
orthogonal angle and to provide lateral support to the pins during insertion. The z-pins were 
inserted progressively by moving the ultrasonic horn over the foam bed several times until all 
the pins had fully penetrated the prepreg. This was considered to have occurred when their 
leading tip protruded by less than 0.5 mm from the underside of the prepreg stack. The excess 
length was carefully abraded away after curing using fine-grade wet-dry abrasive paper 
without scratching the surface ply. The z-pins also protruded from the entry side because they 
were considerably longer than the thickness of the prepreg stack, which was nominally 4 mm 
thick. The excess pin length on this side was about 3.5 mm. This was removed from the 
uncured laminate by first shearing the pins along the laminate surface using a sharp blade and 
then carefully polishing away any excess length. A considerable shear force had to be applied 
to cut the z-pins, and this caused some lateral displacement and deformation of in-plane fibres 
that is described later. This process of cutting the z-pins is the commonly practised method 
for the manufacture of z-pinned laminates [1, 2, 44]. After cutting, two final plies were placed 
on the stack to stop dimpling of the surface caused by protruding z-pins. This ensured a 
smooth surface finish. The addition of these two plies was included in the final thickness of 
the laminate. 
 
3.2.1 Effect of z-pinning on fibre damage 
The effect of z-pin diameter on three types of composite fibre damage was determined 
experimentally. The types of damage were the: length of the region of distorted fibres (x1, x2 
and y in Figure 21); area of the resin-rich zones (A1 and A2 in Figure 21); and the angles 
subtended by the parted fibres (θ1 and θ2 in Figure 21). The damage on either side of the z-pin 
was not necessarily symmetrical so the measurements to the left of the pin were distinguished 
from the right hand side. There were six diameters of z-pins that were used: 0.28, 0.51, 0.69, 
0.76, 0.94 and 1.10 mm. 
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Figure 20. Ultrasonic z-pin insertion process. 
 
 
 
Figure 21. Damage characterisation schematic showing length of distorted fibres,area of resin-rich zones 
and the angle subtended by the parted fibres.  
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The z-pins were inserted into a 20-ply vacuum debulked unidirectional prepreg stack (Cycom 
970) with clear separation between adjacent pins allowing for no interference of the distorted 
fibre regions. After pinning the prepreg stack was vacuum bagged and autoclave cured at 
180°C for two hours under 750 kPa (with a dwell at 115°C for one hour under 500 kPa). 
Digital images of the pinned regions were acquired and the measurements taken using the 
Paint Shop Pro imaging software. 
 
3.2.2 Effect of z-pin diameter on the pin inclination angle  
The inclination angle of z-pins within a composite laminate (Figure 22) was measured for z-
pins with two diameters: 0.28 mm and 0.51 mm. The effect of the diameter on the pin angle 
was determined by measuring the pin angles and obtaining from them a statistical 
distribution. Z-pins of the two diameters were inserted into 20-ply unidirectional laminates 
and cured under manufacture recommended conditions in an autoclave. Digital photographs 
were taken from sections of the z-pinned composite from which accurate angle measurements 
could be read.  
 
Figure 22. Z-pin inclination angle, φ. 
 
To determine the stage of manufacturing that contributed most to pin inclination the 
distribution of φ was measured at the following stages (i) in the as-received condition in the 
foam preform, (ii) after z-pins had been inserted about half-way through the laminate, (iii) 
after z-pins had been inserted completely through the laminate, (iv) after removal of the 
excess pin lengths from both surfaces, and (v) in the laminate after consolidation and curing 
in the autoclave. 
 
3.2.3 Effect of z-pinning on laminate thickness  
Twenty ply unidirectional and quasi-isotropic [0/±45/90/0/±45/90/+45/0]s laminates made 
from Cycom 970 prepreg were z-pinned in a manner described in subsection 3.2 with two 
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diameters (0.28 mm and 0.51 mm)  and three areal densities (0.5%, 2% and 4%). They were 
autoclave cured according to the manufacturer’s recommended settings and the thicknesses 
were measured with a digital caliper.  
 
Single lap joints were made using 5-harness satin carbon/epoxy prepreg (Fibredux 914).  The 
adherends were made from six plies and the overlap was z-pinned with 0.28 mm  and 0.51 
mm pins at areal densities of 0.5%, 2% and 4%. The pinned lap joint was then co-cured in an 
autoclave. The thickness of the lap joint was measured in the overlap after the cure to 
determine the effect of pin diameter and areal density. 
 
 
3.3 Results and Discussions 
3.3.1 Effect of z-pinning on fibre misalignment and resin-rich zones 
Figure 23 shows an in-plane view of a z-pin in the unidirectional laminate, and it is seen that 
the carbon fibres have been spread to accommodate the pin. This causes distortion of the 
fibres and the formation of resin-rich pockets where the fibres have been displaced. The fibre 
distortion angle (θ) was measured from photomicrographs to be 4.0 ± 0.5° for the small (0.28 
mm) diameter pins and 5.4 ± 0.8° for the large (0.51 mm) pins. The fibres within a small 
volume of material surrounding each z-pin were displaced in the axial (x-) and transverse (y-) 
directions, as shown schematically in Figure 24. The dimensions of the affected area were 
measured from photomicrographs of specimens containing a single z-pin, and it is seen the 
fibres were distorted in both directions over a distance of ~0.8 mm for the small pin size and 
1.5 mm for the large pin.  
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Figure 23. In-plane view of z-pin. 
 
 
Figure 24. Relative size of displaced fibre region. 
 
While the fibres surrounding each z-pin in the unidirectional laminate were only distorted 
over a small region, when the pins were spaced closely together the resin-rich regions join 
together to form continuous resin channels along the axial rows of z-pins, as shown in Figure 
25. It is seen in Figure 24 that the length of the resin-rich region along the fibre direction in 
the laminate reinforced with the small pins was 2 mm. When the spacing between the z-pins 
is less than this length, neighbouring resin-rich regions join together to form a continuous 
resin channel. The resin channels did not occur in the laminate with a z-pin content of 0.5% 
because the pins were spaced 3.5 mm apart. However, resin channels occurred in the 
unidirectional laminates with z-pin contents of 2.0% and 4.0% because the pins were spaced 
less than 2 mm apart. In some cases, small voids formed in the resin channels because the 
epoxy resin gelled during curing before it had filled the cavity created by the displacement of 
the fibres.  
 
In quasi-isotropic laminates the 0° plies also developed continuous resin channels when the z-
pin content was 2% and 4%. However, the ±45° and 90° plies constrained the channels within 
the 0° plies, and therefore they did not extend continuously in the through-thickness direction 
as occurred in the unidirectional laminates. 
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Figure 25. In-plane resin channels. 
 
The symmetry of the fibre distortion was unaffected by the diameter of the z-pins (Figure 26). 
However, the z-pin diameter appeared to elongate the width of distorted fibre region (Figure 
27). Given the small population the trend remains uncertain beneath the scatter, but it can be 
seen that the pin diameter must increase four-fold for the region of distorted fibres to double 
in magnitude. In contrast, the height of the distorted fibre region appears to increase at a one-
to-one ratio with the pin diameter (Figure 28). A trend exists in the data for an exponential 
relationship between the height of the distorted fibre region and the pin diameter.  
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Figure 26. Effect of z-pin diameter on the symmetry of the distorted fibre region. 
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Figure 27. Effect of z-pin diameter on the width of the distorted fibre region. 
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Figure 28. Effect of z-pin diameter on the height of the distorted fibre region. 
 
The z-pin diameter did not have a recognisable trend on the angle of the parted fibres (Figure 
29). However, it was observed that between pin diameters of 0.28 mm and 1.0 mm, the angle 
of the parted fibres increased from 7° to 20°. This represents a three-fold increase in both 
cases.  
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Figure 29. Effect of z-pin diameter on the angle subtended by the parted fibres. 
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A quasi exponential trend appeared between z-pin diameter and the area of the resin-rich 
region (including the z-pin area). The relationship suggesting that a four-fold increase in pin 
diameter leading to an eight-fold increase in area.  
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Figure 30. Effect of z-pin diameter on the area of the resin-rich region.  
 
The observed trends are tentative at this stage requiring further investigation using larger 
sample populations to confirm the observations.  
 
Figure 31 shows a micrograph of a satin weave laminate that has local distortion of the fibres 
around the pins with similar features exhibited in unidirectional laminates. The 0.28 mm pins 
have an areal density of 4% where the tight pin spacing allows resin-channel formation in 
unidirectional laminates (Figure 25). However, this effect is suppressed by the interlaced 
structure of the tows in the woven prepreg laminate.  The fibre waviness of the tows in the 
woven prepreg is comparable to that of the fibres parted by the z-pins (Figure 31). Therefore, 
the presence of the pins does not introduce waviness greater than that inherent to the woven 
composite structure.  
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Figure 31. In-plane distortion and resin-rich regions in the pinned laminate.  
 
 
3.3.2 Effect of z-pinning on the pin inclination angle  
Figure 32 shows a cross-section view of a z-pin in the laminate, and the pin is seen to be 
inclined at an angle (φ) from the orthogonal (through-thickness) direction. Microstructural 
analysis revealed that φ was statistically distributed, as shown by the histograms and fitted 
Gaussian density functions in Figure 33. The median angles for the small (0.28 mm) and large 
(0.51 mm) diameter pins were 14° and 23°, respectively. 
 
 
Figure 32. Cross-section view of z-pin in laminate. 
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(a) 
  
 
 (b) 
Figure 33. Histograms of pins angles for (a) small pins and (b) large pins. 
 
The median offset angles for the two pin sizes after these manufacturing stages are given in 
Figure 34. The small z-pins are not offset significantly from the original (as-received) 
condition during insertion. The offset angle of the small z-pins increased suddenly when their 
excess length was removed by shear cutting. The direction of the rotation is that in which the 
shear force was applied. In the case of large diameter pins, shear cutting caused a relatively 
small increase in φ, with the largest increase caused when the laminates are consolidated 
under pressure in the autoclave. 
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(b) 
Figure 34. Median offset angles related to manufacturing stage for (a) small diameter z-pins and (b) large 
diameter z-pins. 
 
Figure 32 also shows crimping of carbon fibres around a z-pin near the mid-plane of the 
laminate. The crimping was severe, with the fibres being misaligned by as much as 60-70o 
from their original direction. However the damage was confined to a small region close to the 
z-pin (within 0.3 mm).  It is seen in Figure 32 that the crimping was not symmetric around the 
pin, but was more severe on the side inclined to an angle under 90°. This indicates that 
crimping is caused by a combination of the force on the pins during insertion and the rotation 
of the pin when they become misaligned.  Thin elongated voids were present inside some of 
the z-pins, including the pin shown in Figure 32. These voids were created during the 
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manufacture of the z-pins, presumably because the matrix resin could not infiltrate regions of 
high fibre content. 
 
It is possible that some of the carbon fibres were broken during the z-pinning process. The pin 
tip was chamfered to assist insertion through the laminate by spreading the fibres. However, it 
is possible that some fibres could not be spread sufficiently to avoid being crushed under the 
pin tip. The proportion of the fibres that may have been fractured by the z-pins could not be 
accurately measured, although it is expected that the broken fibres occur in clusters close to 
the pins. There was clearly far less damage to fibres than depicted in prior work by Steeves 
and Fleck [25], which is attributed to the superior insertion technique used in this study. 
However, anecdotal evidence has made clear that results in this method of pin insertion, viz. 
by pressure and vibration from a foam base, depend on the tool used and operator skill. 
3.3.3 Effect of z-pinning on laminate thickness  
The laminates were constrained within a picture frame during z-pinning to suppress lateral 
spreading of the fibres due to swelling that can occur due to the displacement of in-plane 
fibres. Table 2 gives the thickness of the laminates with different volume contents and sizes 
of z-pins. The nominal thickness of the laminates is 4.0 mm, but the thickness varies by a few 
percent from specimen to specimen. 
 
Table 2. Thickness of the laminates with different types of z-pin reinforcement. 
Laminate Z-Pin Volume 
Content (%) 
Z-Pin Diameter 
(mm) 
Thickness 
(mm) 
Unidirectional 
Unidirectional 
Unidirectional 
Unidirectional 
Unidirectional 
0.0% 
0.5% 
2.0% 
4.0% 
2.0% 
0 
0.28 
0.28 
0.28 
0.51 
3.94 ± 0.13 
4.00 ± 0.07 
4.02 ± 0.07 
4.07 ± 0.07 
4.00 ± 0.07 
Quasi-isotropic 
Quasi-isotropic 
Quasi-isotropic 
Quasi-isotropic 
0.0% 
0.5% 
2.0% 
4.0% 
0 
0.28 
0.28 
0.28 
4.00 ± 0.04 
4.01 ± 0.03 
3.99 ± 0.06 
4.10 ± 0.03 
 
In the unidirectional laminates, the variation is correlated with the volume displaced by the 
pins: the thickness rises by a fraction that is approximately the same as the pin volume 
fraction. Thus the volume fraction of the in-plane fibres in the total laminate volume less the 
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volume of the pins is approximately conserved. However, as detailed in subsection 3.3.1, 
inserting pins into the unidirectional laminates also creates significant resin pockets next to 
each pin along the fibre direction. Since the pockets represents further volume from which 
fibres have been displaced, of magnitude roughly twice that occupied by the pins themselves, 
it follows that fibre compaction must also occur in some zones within the laminate. Indeed, 
fibre displacement is accommodated approximately one third by thickness increase and 
approximately two-thirds by fibre compaction. The spatial distribution of the fibre 
compaction is not easily determined. 
 
In the quasi-isotropic laminates, the thickness rises by a fraction that is approximately the 
same as the pin volume fraction only for the laminate with the highest content of pins. The 
other laminates have unchanged thickness, within experimental uncertainty. Part of the 
difference with unidirectional laminates could be that resin pockets are much smaller in the 
quasi-isotropic laminates, so that fibres are displaced from a lesser volume, not much greater 
than the volume of the pins themselves. For the lower pin densities in the quasi-isotropic 
laminates, most of the fibre displacement is evidently accommodated by fibre compaction 
alone. 
 
In satin weave laminate adherend single lap joints, the nominal thickness of the overlap 
region was intended to be 4 mm, but the insertion of the z-pins caused considerable 
thickening in this region (Table 3). Part of the thickness increase with pin content may be due 
to swelling of the prepreg stack to accommodate the pins. However, the percentage increase 
in thickness is much higher for the present lap joints than in flat coupon specimens. In the flat 
coupons, the proportional increase in thickness was similar to the pin volume fraction. Table 
3, in contrast, shows increases up to 20%. Microstructural examination revealed that the 
swelling was not accompanied with the formation of voids, porosity or other defects in the 
bond region. The consolidation of the joint region under the pressure used during cure is 
therefore inferred to be restricted by the presence of the pins, which tend to prop apart the 
faces of the tooling, resulting in a thicker bonded region. This effect is apparently greater for 
lap joints than for flat coupons, due to differences in tooling or other factors.  
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Table 3. Effect of z-pinning on thickness of joint overlap. 
Z-Pin Size Z-Pin Volume 
Content (%) 
Overlap Thickness 
(mm) 
No pinning 
Small (0.28 mm) 
Small (0.28 mm) 
Large (0.51 mm) 
Small (0.28 mm) 
0.0 
0.5 
2.0 
2.0 
4.0 
3.78 ± 0.09 
3.85 ± 0.08 
4.01 ± 0.13 
3.89 ± 0.03 
4.96 ± 0.18 
 
3.4 Conclusions 
In unidirectional laminates the insertion of z-pins parts the fibres and creates both fibre 
misalignment and resin-rich regions. The size of the region of fibre misalignment increases 
with pin diameter and so does the misalignment angle, θ. The magnitude of the increase is not 
directly linear in that doubling the diameter of the z-pin does not double the length and width 
of the misaligned fibres or θ. When the separation space between z-pins is less than the length 
of the misaligned fibres such that the misalignment regions of adjacent pins overlap, the 
resin-rich regions connect to form resin channels. The inclination angle of z-pins, φ, increased 
with their diameter. The compaction during the cure of the composite causes the largest offset 
in φ. Fibre crimp occurs asymmetrically on either side of an inclined pin and do not extend far 
from the z-pin. The thickness of unidirectional laminates and quasi-isotropic laminates both 
increase by volume fractions approximately the same as the volume fraction of the pins 
inserted. The volume of displaced fibre is larger than the thickness increase can accommodate 
so fibre compaction must account for the remaining volume of fibre displacement. The 
thickness of satin weave laminates is significantly greater than unidirectional and quasi-
isotropic tape laminates owing to the tendency for the pins to prop up the tooling. Despite this 
fact the laminate does not suffer from voids, porosity or other defects.  
 
 — Static and Fatigue Behaviour of Z-Pinned Composites under Tensile Loading — 
 39  
 
 
Chapter 4  
 
Static and Fatigue Behaviour of Z-Pinned 
Composites under Tensile Loading 
 
 
 
 
 
 
ABSTRACT 
The effects of through-thickness reinforcement of carbon/epoxy laminates with thin pins on 
the tensile properties, tensile fatigue life and failure mechanisms are investigated. Tensile 
studies are performed on unidirectional and quasi-isotropic laminates reinforced with 
different volume contents and sizes of fibrous composite z-pins. Microstructural analysis 
reveals that z-pinning causes several types of damage, including out-of-plane fibre crimping, 
in-plane fibre distortion, mild dilution of the in-plane fibre volume fraction due to laminate 
swelling, and clusters of broken fibres. In unidirectional composites, resin pockets form 
around pins and coalesce into continuous resin channels at higher z-pin contents. Young’s 
modulus falls only a few percent at most, due partly to in-plane fibre dilution and partly to 
fibre waviness. Monotonic tensile strength is degraded more significantly, falling linearly 
with both pin content and pin diameter. Comparison with prior data shows that the rate of 
degradation is evidently a strong function of the particular pin insertion method used. Failure 
mechanisms include fibre rupture, presumably affected by broken fibres, and, in 
unidirectional laminates, longitudinal splitting cracks emanating from resin pockets. Whereas 
non-pinned laminates show very modest fatigue effects, the pinned laminates exhibit strong 
fatigue effects, with strength falling by as much as 33% at 106 cycles. The slope of the fatigue 
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life (S – N) curve tends to increase in magnitude with pin content and density. Limited 
evidence and prior literature suggest that the dominant fatigue mechanism may be progressive 
softening and fibre damage in misaligned segments of in-plane fibres. 
 
4.1 Introduction 
 
Z-pins can increase the in-plane shear strength, interlaminar fracture toughness and impact 
damage resistance of laminates as well as improve the ultimate failure strength of composite 
joints by a crack bridging mechanism [1, 2, 8, 12, 14, 18, 45, 46]. For these reasons, z-pinned 
laminates are used in military aircraft such as the F/A-18 E/F Hornet and in Formula 1 racing 
cars [7]. However, all methods of pinning, including insertion by vibration and pressure from 
a foam bed, are associated with deformation of the in-plane fibres, which may lead to 
degradation of the in-plane properties of the laminate. An important step towards certifying 
the safety of structures that contain z-pins must therefore be to develop methods of 
accounting with confidence for in-plane property knockdown and its dependence on defects 
induced by the pinning process. 
 
In prior studies of in-plane property knockdown, Steeves and Fleck [25] and Stringer and 
Hiley [14] report that the compressive strength of carbon/epoxy laminate is degraded by local 
distortion and crimping of the load-bearing fibres around the z-pins, which lowers the 
compressive strain required to create kink bands that cause failure. Frietas et al. [1, 2, 47], 
Steeves [24] and Stringer and Hiley [14] found the tensile strength of carbon/epoxy laminate 
is also reduced with z-pinning. The mechanisms responsible for the loss in tensile strength are 
not well understood, although it is attributed to a reduction in the fibre volume content caused 
by fibre spreading together with fibre distortion and resin-rich regions around the z-pins. 
Published data on the tensile properties of z-pinned laminates are scarce [1, 2, 24, 47], and the 
influence of the microstructural damage caused by z-pinning on the strengthening processes 
and failure mechanisms have not been determined. Furthermore, the tensile fatigue properties 
and cyclic damage mechanics of z-pinned laminates have not been evaluated, despite the 
potential application of these materials in structural components subject to fatigue loading, 
such as wing panels and joints on aircraft.  
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The aim of this research is to investigate the effect of z-pinning on the tensile properties, 
tensile fatigue performance and failure mechanisms of carbon/epoxy laminates. The influence 
of the volume content and size of the z-pins on the Young’s modulus, tensile strength and 
fatigue life of unidirectional and quasi-isotropic laminates is determined, and changes to these 
properties are related to changes in the microstructure and failure mechanisms caused by z-
pinning. 
 
4.2 Materials and Experimental Techniques 
4.2.1 Fabricating Z-Pinned Laminates 
The laminates were made using a carbon/epoxy (CYCOM 970) prepreg tape supplied by 
Cytec.  The epoxy matrix is a high cure temperature, non-toughened resin.  The specimens 
contained twenty plies of tape stacked in a unidirectional or quasi-isotropic 
[0/±45/90/0/±45/90/+45/0]s pattern. Prior to curing, the laminates were debulked by vacuum 
bagging and then z-pinned using pultruded carbon/bismaleimide Z-Fiber® supplied by Aztex 
Inc. The z-pins were 8 mm long, and their tips were chamfered to an angle of 45° to ease their 
insertion into the prepreg stack.  
 
 
The laminates were reinforced with thin (0.28 mm) diameter z-pins to volume contents of 
0.5%, 2.0% and 4.0%. These specimens were used to investigate the effect of z-pin content 
on tensile properties and fatigue performance. In addition, the unidirectional laminate was 
reinforced to a volume content of 2.0% using thin (0.28 mm) or thick (0.51 mm) diameter z-
pins to study the effect of pin size on the mechanical performance. 
 
The entire gauge region of the tensile coupon specimens was z-pinned, with the z-pins 
aligned in parallel rows along the specimen (see Figure 35). The spacing between the axial 
rows of small diameter z-pins was 3.5, 1.75 and 1.2 mm for the volume contents of 0.5%, 
2.0% and 4.0%, respectively. The row spacing for the large diameter z-pins was 3.2 mm, thus 
maintaining the volume content of 2.0%.  
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Figure 35. Rectangular coupon dimensions. 
 
After z-pinning, the laminates were consolidated and cured in an autoclave at an overpressure 
of 500 kPa and temperature of 115°C for one hour and then 750 kPa and 180°C for two 
hours. The average fibre volume fraction of the laminates was nominally 62%. For reference, 
unidirectional and quasi-isotropic laminates were manufactured using the same curing 
process.  
 
4.2.2 Tensile Testing 
Monotonic and fatigue tensile tests were performed on the laminates using rectangular 
coupons with the dimensions given in Figure 35. The monotonic tests were performed using a 
250 kN MTS machine at a loading rate of 1 mm/min. The fatigue tests were performed using 
the same MTS machine operated under a cyclic load sinusoidal waveform with a stress (R) 
ratio of 0.6 and loading frequency of 5 Hz. The materials were tested to a range of peak 
fatigue stress levels between 70% and 95% of the monotonic failure strength to generate 
fatigue life ( S -log N ) curves. The minimum peak fatigue stress of 70% was used because 
this is about the fatigue limit of the laminate, and testing at lower stress levels failed to cause 
fatigue-induced fracture. The number of load cycles to failure (N) was taken to be when the 
laminate could no longer carry the peak fatigue stress, and this coincided with complete 
fracture of the specimen. Fatigue tests performed on specimens that did not fail were stopped 
at one million load cycles. 
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4.3 Results and Discussion 
4.3.1 Monotonic Tension 
Summary of Trends 
The stress-strain relationship for both unidirectional and quasi-isotropic are shown in Figure 
36 and Figure 37, respectively. It is linear in all cases of z-pin content or diameter. Some 
stiffness is lost at the highest pin content and the larger z-pin diameter. 
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Figure 36. Stress-strain profile for unidirectional laminates  
reinforced with different z-pin volume content and diameter. 
 
 
 — Static and Fatigue Behaviour of Z-Pinned Composites under Tensile Loading — 
 44  
0
100
200
300
400
500
600
700
800
0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
Tensile Strain (microstrain)
Te
ns
ile
 S
tre
ss
 (M
Pa
)
no pins
0.5% small 
2% small pins
4% small pins
2% large pins
 
Figure 37. Stress-strain profile for quasi-isotropic laminates  
reinforced with different z-pin volume content and diameter 
 
 
It could be seen from Figure 36 and Figure 37 that the effect of z-pinning on the ultimate 
failure strain is more pronounced in unidirectional laminates than it is for quasi-isotropic 
laminates. From  Table 4, it is seen that the failure strain laminates is reduced by as much 
11%. 
 
Table 4. Failure strains in z-pinned unidirectional and quasi-isotropic laminates 
Unidirectional Quasi-Isotropic 
Z-Pin 
microstrain n microstrain n 
Unpinned 13188 2 14925 2 
0.5% small 13194 2 14250 2 
2% small 12033 3 14850 2 
4% small 11700 2 14500 2 
2% large 11517 3   
 
 
The modulus and strength under tension were determined by dividing the measured load in an 
experiment by the product of the measured width of the specimen and either 1) the actual 
specimen thickness or 2) a fixed, nominal thickness (4.0 mm). Since, during pinning, the ply 
fabrics were constrained from lateral (in-plane) spreading by fences, the density of fibres per 
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unit width is expected to remain very close in the pinned laminates to its value in unpinned 
laminates. On the other hand, small variations in thickness arise from specimen to specimen. 
Since the load in the tests is carried almost entirely by the fibres (which are two orders of 
magnitude stiffer and stronger than the matrix), variations in specimen thickness for fixed 
density of fibres per unit width will lead to changes in modulus or strength simply by fibre 
dilution. Comparison of stiffness or strength calculated assuming fixed thickness with values 
found using actual thickness will reflect changes due to other factors.  
 
 
 
The effect of increasing either the z-pin content or the pin size on the longitudinal Young’s 
modulus of the unidirectional and quasi-isotropic laminates is shown in Figure 38. The closed 
and open data points represent the modulus values calculated using the actual specimen 
thickness and a nominal thickness of 4 mm, respectively. The solid and dashed lines show 
linear regressions for these two data types, fitted under the constraint that they have the same 
value at zero pin content. The modulus values for both unidirectional and quasi-isotropic 
laminates show scatter among different pin diameters and volume fractions that is comparable 
to overall trends. Therefore, fitted lines have modest correlation factors. The trends in data for 
the unidirectional laminates are that 1) the modulus decreases approximately 1% for each 1% 
of z-pin volume content for pins of diameter 0.28 mm when computed using a constant 
specimen thickness, but remains almost independent of pin content when computed using the 
actual specimen thickness; and 2) the modulus decreases approximately 2.5% for each 1% of 
pin volume content for pins of diameter 0.51 mm, with only weak dependence on which 
specimen thickness is used. For the quasi-isotropic laminates, there is no statistically 
significant change in the modulus with increasing content, whichever specimen thickness is 
used.  
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Figure 38. Effect of (a) volume content and (b) diameter on Young’s modulus of laminates 
The closed and open data points represent the modulus values calculated using the actual laminate thickness 
and a nominal thickness of 4 mm, respectively. 
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The fitted trend lines suggest that the greater part of changes in the modulus with pin content 
for both laminate types reinforced by 0.28 mm pins are due to laminate swelling; the modulus 
decrease is not significantly different from zero when constant specimen thicknesses are used 
in calculations. For the larger diameter pins, the decline in modulus is much greater and 
significantly exceeds the decline attributable to swelling. For the larger pins, the greater part 
of the modulus decline is attributed to fibre misalignment. However, it is not known what 
contribution the offset of the pins had on the loss in modulus. Figure 32, Figure 23 and Figure 
24 suggest that, at most pin densities, fibre misalignment, both in-plane and out-of-plane, is 
localised around each pin and extends over a volume that is a small multiple of the pin 
volume, approximately 3 – 4. Assuming that the misalignment (which is quite severe in the 
out-of-plane direction – Figure 32) reduces the effective modulus of the affected material by a 
factor of 2 or so, one comes, to order of magnitude, to reductions of 1 – 2% per 1% of pin 
content. This is in the range that could explain the measured modulus changes for the larger 
diameter pins. That this effect should be significant for the larger pins and not the smaller 
pins could be attributed to a greater proportion of misalignment damage.  
 
The effect of z-pinning on tensile strength is shown in Figure 39. The closed and open data 
points present the strength values calculated using actual and constant thickness values. The 
strength of the unidirectional laminate decreased rapidly with both increasing pin volume 
content and pin diameter. The reduction ranges, for the cases tested, up to approximately 
25%. The trends are approximately linear and may be summarised by the following 
expression for the ratio of the tensile strength, σt, to that of unpinned laminate, (0)tσ : 
 
 ( ) [ ]0 1t
t
Dcσ ασ Γ= −  (1) 
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Figure 39. Effect of (a) volume content and (b) diameter on tensile strength 
The closed and open data points represent the modulus values calculated using the actual laminate thickness 
and a nominal thickness of 4 mm, respectively. The lines show the reduction in strength calculated using 
equation (1). 
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where cΓ  is the area fraction of the pins and D is their diameter. For the unidirectional 
laminates, α = 14 mm-1. This fit is shown in Figure 39 for the unidirectional laminate data. 
Since thickness variations are much smaller than strength variations, no significant change in 
α results from using fixed (4 mm) rather than actual specimen thickness in computing 
strengths. 
 
For the quasi-isotropic laminate, the reduction with pin volume fraction is much smaller, not 
exceeding approximately 7% for the range of pin densities studied. But a linear trend with 
even this mild slope has relatively low correlation factor, because the trend is not far from the 
variance in the data. Freitas et al. [1, 2, 47], Steeves [24] and Stringer and Hiley [14] have 
reported higher reductions of tensile strength for multi-axial carbon/epoxy laminates due to z-
pinning. At least in the work of Steeves, this could be attributed to inferior methods of pin 
insertion leading to a greater degree of in-plane fibre damage. The other papers contain 
insufficient reporting of in-plane fibre deformation to address the question. 
 
If one assumes that the strength of the quasi-isotropic laminates would also decrease linearly 
with pin diameter (this was not tested here), then the strength summary of equation (1) would 
again hold approximately. The data of figure 10 imply α ≈ 4 mm-1. The curve for the quasi-
isotropic laminate in Figure 39 shows equation (1) for this value of α.  
 
The only other tensile strength data available to check the trend of equation  are those of 
Frietas et al. [1], which are for a cross-ply carbon/epoxy laminate reinforced with z-pins up to 
a volume content of 10%. The change in laminate thickness with increasing z-pin content was 
not reported, although substantial swelling or in-plane fibre dilution must be expected at 10% 
pin content. The authors leave unclear whether the swelling effect was considered when 
calculating the failure stress. Figure 40 shows the data of Freitas et al. [1]. Once again, tensile 
strength falls linearly with pin content. The closed data points show the strength values as 
reported by Freitas et al. If it is assumed that these data were calculated using a constant 
specimen thickness and that the actual thickness increased in proportion to the pin content 
(e.g., 5% z-pins caused the laminate to swell by 5%), then the strength values that would be 
found using the actual specimen thickness can be estimated. These are shown by the open 
data points in Figure 40.  The lines in Figure 40 were calculated using equation (1) fitted with 
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the constraint that for constant and adjusted specimen thickness they should have the same 
value at zero pin content. The linear fits are a reasonable representation of the data, but the 
slopes are much higher than for the quasi-isotropic laminates tested in the present work. For 
constant thickness values, the slope α = 25 mm–1; while for adjusted thickness values, α = 29 
mm-1 (compare with α = 4 mm-1 in the present work). For reasons that are not well 
understood, the pinning process used by Freitas et al. has apparently caused far more severe 
damage to the laminate.  
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Figure 40. Effect of z-pin content on tensile strength for model. 
 
 
[that could be because their laminate is a woven laminate that is very thin. Their width is too 
small. Only 12.7 mm. Can’t fit many z-pins in that. The edge effects would dominate. This 
research used unidirectional tape, with coupons twice as wide. The specimens here were 4 
mm thick. I guess the ones used by Freitas would be 2 mm]. 
 
Mechanisms of Failure 
 
Photographs of failed unidirectional tensile test specimens with and without z-pins are 
presented in Figure 41. The unidirectional laminate without z-pins failed by ligament rupture 
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whereas the failure mode changed with z-pinning to a combination of ligament rupture and 
multiple longitudinal splitting in the axial direction along the rows of z-pins. Since failure of 
the z-pinned specimens was catastrophic, it is not known whether fibre rupture or splitting 
occurred first; the two mechanisms may well interact dynamically during the failure process. 
Microstructural examination of the failed specimens revealed the presence of small cracks 
within the resin-rich zones adjoining the z-pins, as shown in Figure 42. These cracks were not 
detected in the specimens prior to tensile testing, which indicates that they were not caused by 
thermal effects during curing. Very few of these cracks were detected in the failed specimens, 
although those that were found were aligned in the load direction. It is believed the cracks 
were initiated under the action of a local transverse tensile strain generated as the misaligned 
fibres around a z-pin experience a small degree of straightening under axial tensile loading, as 
depicted schematically in Figure 43. Close to the failure stress, these cracks may propagate 
unstably along the continuous resin-rich channels and trigger the long splitting cracks 
observed in Figure 41. 
 
 
 
 
 
Figure 41. Failure mode of pinned and unpinned tensile coupons. 
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Figure 42. Fine crack in resin-rich region. 
 
 
 
Figure 43. Splitting crack mechanism. 
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There is some similarity between the failure observations around pins and the failure 
sequence at ply-drop locations in tape laminates. Similar mechanics are likely to be pertinent, 
as described, for example, in Varughese and Mukherjee [48], Vidyashankar and Krishna 
Murty [49] and Xia and Hutchinson [50]. Under far-field tension, the driving forces for 
damage initiation around a pin (or ply end) are: 1) tension across the resin pocket, in the 
vertical direction in Figure 23 and Figure 24, caused by the tendency of deflected in-plane 
fibres to straighten; and 2) tension at the pin/resin boundary, in the horizontal direction in 
Figure 23 and Figure 24. Since an accurately calibrated failure criterion for local cracking 
under these stresses is unavailable, no attempt is made here to analyse these phenomena 
quantitatively. 
 
While the z-pins altered the failure mechanism of the unidirectional laminate, no change to 
the failure process was found for the quasi-isotropic laminate. Post-mortem examination of 
unpinned and pinned quasi-isotropic laminate specimens revealed the same failure mode, as 
shown in Figure 44. Longitudinal splitting cracks were much more limited in extent than in 
the unidirectional laminates. Further, they were not correlated with the locations of the pins. 
This can presumably be attributed to 1) the minimal extent of continuous resin-rich channels 
were between pins in the quasi-isotropic laminates, due to constraint of fibre deformation 
during pinning by the off-axis plies; and 2) load transfer across the potential splitting plane by 
off-axis fibres, which reduces the driving force for splitting. 
 
The volume fraction of the fibres that were crimped out-of-plane or deflected in-plane by the 
z-pins in the unidirectional laminate increased with the pin density, as did the line-density of 
resin-rich channels across the specimen width. These worsening defects are the only apparent 
source of the increasing deterioration in the tensile strength with increasing z-pin content. 
However, strength, much more than modulus, can also be strongly affected by clusters of 
fibre breaks, which need not involve more than a handful of fibres and are therefore not easily 
detected or measured. Some fibre breakage undoubtedly accompanies the insertion of each z-
pin, creating an effective defect at each pin. Since the strength of the defect at each pin is 
likely to be statistically distributed, the extreme defect (weakest link for failure initiation) will 
present a decreasing strength as the pin density (and therefore the sample size) rises. 
 
 — Static and Fatigue Behaviour of Z-Pinned Composites under Tensile Loading — 
 54  
 
(a)                                  (b) 
 
Figure 44. Failure mode for quasi-isotropic coupons. 
 
 
Since in-plane fibre deformation is similar in the angles of deflection for different z-pin sizes 
(Figure 24), perhaps the reduction in strength with increasing z-pin diameter at fixed pin 
density is related to increased fibre breakage at each pin insertion. A second possibility is a 
size effect in the strength of the resin pockets formed at each pin: while the fibre deformation 
is geometrically similar for different pin diameters (Figure 24), the length of the resin pocket 
scales with the pin diameter. Crack initiation in resin pockets is known to exhibit gauge 
effects for pockets that are ~ 1 mm in size or less, which is within the size range in the z-
pinned specimens [46, 48, 49].  
 
The lower fractional loss of strength with rising z-pin density in the quasi-isotropic laminates 
compared to the unidirectional laminates (α ≈ 4 vs. α = 14) is presumably related to fewer 
defects being created in the quasi-isotropic laminates. Off-axis plies constrain in-plane fibre 
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deformation, and the extent and width of resin-rich channels; and may possibly, by reducing 
fibre deflections, also reduce fibre breakage. 
 
Some of the z-pins themselves were fractured during tensile testing in both the unidirectional 
and quasi-isotropic laminates. Figure 45 shows a cross-section of a broken z-pin with a crack 
aligned normal to the tensile load direction. Cracks such as these are believed to initiate at 
microscopic voids within the z-pins. However, the cracks do not link with the strength 
controlling failure events (splitting or rupture) and are therefore probably unimportant.  
 
 
 
Figure 45. Transverse crack within z-pin. 
 
Tests Using Specimens with a Single Pin 
 
The effect of z-pin diameter on the tensile strength was investigated further by inserting 
single rods of different sizes into unidirectional laminate specimens. The rods were embedded 
by hand into the centre of the gauge area, rather than using the ultrasonic horn. The rods were 
off-set from the orthogonal direction by an angle less than 20o, which is similar to the range 
of offset angles when pins were inserted using the ultrasonic horn. Fibrous z-pins with 
diameters 0.28 and 0.51 mm were supplemented by larger steel pins, with diameters between 
0.96 and 5.72 mm. The amount of swelling in the region surrounding the steel rods increased 
with their diameter. The swelling was greatest at the site of the rod and extended several 
millimetres away. Since it was not uniform, thickness variation was not considered in 
calculating the tensile strength. The laminate strength was found to drop rapidly with 
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increasing pin diameter (Figure 46), but not linearly. The linear summary relation of equation 
(1) should therefore not be used beyond the maximum pin diameter, 0.5 mm, of the pins for 
which the data it represents were obtained.  
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Figure 46. Effect of diameter on tensile strength. 
 
 
4.3.2 Fatigue Properties  
 
Tensile fatigue life (S-logN) curves are presented in Figure 47 for the unidirectional and 
quasi-isotropic laminates reinforced with different densities of z-pins. Like most polymer 
composites, the unpinned unidirectional and quasi-isotropic laminates show very modest 
fatigue effects: only 8% and 13% loss of strength over 106 cycles, respectively. Despite the 
limited amount of data, it is apparent that much stronger fatigue effects arise in the pinned 
laminates. While the fatigue resistance of the unidirectional laminate was affected only 
slightly by the lowest volume content of z-pins (0.5%), a large reduction occurred at the 
higher z-pin contents (33% loss of strength over 106 cycles). The fatigue resistance of the 
quasi-isotropic laminate also deteriorated with increasing z-pin content, although the 
reduction was less severe than for the unidirectional laminate (25% loss of strength over 106 
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cycles for 4% pin density). The effect of increasing z-pin size on the S-N curve for the 
unidirectional laminate is shown in Figure 48. A similar fractional loss of strength is found 
for both pin sizes, with the larger pins leading to lower absolute strengths at all cycle counts.  
 
0
500
1000
1500
2000
1 10 100 1000 10000 100000 1000000
Cycles to Failure
Te
ns
ile
 F
at
ig
ue
 S
tre
ss
 (M
P
a)
Unidirectional laminate
100 1 2 103 1 4 1 5 106
0% z-pins
0.5% z-pins
2% z-pins
4% z-pins
(m = -23.7 ± 13.2) 
(m = -37.2 ± 8.1) 
(m = -84.0 ± 7.5) 
(m = -91.0 ± 12.5) 
 
 
0
200
400
600
800
1 10 100 1000 10000 100000 1000000
Cycles to Failure
Te
ns
ile
 F
at
ig
ue
 S
tre
ss
 (M
P
a)
Quasi-isotropic laminate
00 1 2 103 1 4 1 5 106
0% z-pins
0.5% z-pins
2% z-pins
4% z-pins
(m = -15.7 ± 3.9) 
(m = -10.3 ± 2.9) 
(m = -25.7 ± 4.1) 
(m = -25.9 ± 2.7) 
 
 
Figure 47. S-N curve for (a) unidirectional and (b) quasi-isotropic laminate. 
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Figure 48. Effect of pin diameter on S-N response of unidirectional laminates. 
 
 
Figure 49 shows the gradient of the S-logN curves, m, plotted against the volume content of 
the z-pins, for fixed pin diameter (0.28 mm). While the data show significant scatter, 
especially for the quasi-isotropic laminates, there is a trend for fatigue effects to increase with 
pin density up to approximately 2%, beyond which levelling in m suggests that they have 
saturated. The increase of m with density is less for the quasi-isotropic laminates, implying 
weaker fatigue effects due to pinning than in the unidirectional laminates when measured in 
terms of absolute strength; but the difference is less if one considers instead the fractional loss 
of strength with cycles.  
 
Post-mortem examination revealed the same failure modes as in the static tensile samples (see 
Figure 41 and Figure 44). That is, the unidirectional composite without z-pins failed in 
fatigue by ligament rupture, whereas the z-pinned unidirectional laminates experienced 
ligament rupture and longitudinal splitting along the axial rows of z-pins; while the quasi-
isotropic laminates always failed by fibre rupture across an inclined band. Nevertheless, the 
significant slopes of the S-N curves imply that substantial cyclic damage must in fact occur 
that is not present under monotonic loading. The most likely mechanism is damage in regions 
around pins where fibres have been misaligned. Prior work on tape and textile polymer 
composites has put forward two possible mechanisms: the attrition of fibres where 
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microfracture of the fibre-matrix interface has permitted relative sliding between the fibres 
and the matrix [51]; and softening and damage of the resin itself under local cyclic shear, for 
which evidence has been most compelling in studies of compression fatigue [52, 53]. Under 
nominally aligned loading, both of these mechanisms act where fibres are misaligned, i.e., 
where significant local shear stresses arise in coordinates that are aligned with the local fibre 
direction. The result of progression of fibre damage would be a progressive loss of fibre 
strength. Progressive matrix damage can initiate delamination or splitting cracks; and, since it 
allows straightening of the misaligned fibres, it can also promote the initiation of cracks in 
resin pockets (the mechanism illustrated in Figure 43). 
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Figure 49. Effect of pin content on S-N response. 
 
 
No certain conclusions are possible about how variations in these mechanisms might account 
for the trends in fatigue effects (i.e., in the slope m of the S-logN curves) with pin density. 
Nevertheless, the fact that fatigue effects are weak in the absence of pins and strong in their 
presence points very strongly to the presence of fatigue mechanisms in the misaligned fibres, 
as described. Further, one might speculate that the apparent saturation at a density of 
approximately 2% in the unidirectional laminates is associated with the extension of resin 
channels from one pin to the next, which also occurs for all pin densities above 2%. This 
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would suggest that the strength determining mechanism for the unidirectional laminates is 
cracking of the resin pockets (Figure 42); and that the principal fatigue effect is propitiation 
of this by the progressive softening of resin allowing fibre straightening. But the evidence for 
this sequence is very incomplete. 
 
4.4 Conclusions 
The process of pin insertion caused out-of-plane crimping, in-plane distortion and fracture of 
fibres near the z-pins. Crimping and distortion of fibres were exacerbated by pin rotation 
when excess pin length was sheared off and during laminate consolidation and cure. In 
unidirectional laminates, resin-rich regions formed adjacent to the pins and extending in the 
fibre direction; and the laminate swelled in the thickness direction, diluting the in-plane fibre 
volume fraction. Resin pocket formation and swelling were minimal in the quasi-isotropic 
laminates. 
 
The Young’s modulus of laminates reinforced with 0.28 mm pins fell with increasing pin 
density to a degree that was consistent with the degree of swelling, i.e., slightly in the 
unidirectional laminates and not significantly in the quasi-isotropic laminates. The modulus 
fell at a greater rate for 0.51 mm pins (unidirectional laminates only), suggesting that, for 
these pins, it was affected significantly by fibre distortion, which is assumed to rise with pin 
diameter.  
 
The tensile strength was degraded more than Young’s modulus by z-pinning. The strength 
decreased approximately linearly with increasing pin density and size and at a far greater rate 
in the unidirectional laminates than in the quasi-isotropic laminates. Key mechanisms are 
believed to be clusters of broken fibres near the z-pins, augmented in the unidirectional 
laminates by cracking in the resin pockets, where fibre straightening initiates tensile rupture 
and longitudinal splitting. Both the strength of flaws associated with fibre breaks and the 
propensity for resin pocket cracking could reasonably be expected to increase with pin 
density and diameter, accounting for the observed trends. The more modest strength loss in 
the quasi-isotropic laminates is attributed tentatively to the constraint of off-axis fibres, which 
can suppress resin pocket formation and longitudinal splitting cracks and perhaps minimizes 
breakage damage to fibres. 
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The tensile fatigue lives of the unidirectional laminates and, to a lesser extent, the quasi-
isotropic laminates were also reduced substantially by z-pinning. Softening and damage of 
misaligned fibre regions may be the primary fatigue mechanism, but this has not been clearly 
established.  
 
Comparison with other data in the literature reveals order-of-magnitude variability in the rate 
of damage with increasing pin density, which must presumably be attributed to differences in 
the details of the pin insertion process, via unknown mechanisms. Such variability may pose a 
significant barrier to more widespread use of pinning technology. 
 
Trends in the rate of degradation of modulus and strength with pin diameter, at fixed pin area 
fraction, suggest that using finer pins than those used here might avoid significant 
degradation of in-plane properties under monotonic loading altogether. A goal of pin 
diameters less than approximately 0.1 mm would seem reasonable for this, based on the 
present data. However, it is not as clear that loss of strength in cyclic loading would be as 
easily avoided, because the fractional loss of fatigue strength to 106 cycles is similar for both 
diameter pins studied. 
 
Microstructural and geometric details such as specimen thickness should be regarded as 
critical elements of data reporting, since variations in fibre density can vary with processing 
and can easily be comparable to the knock-downs in modulus and even strength that can 
occur with z-pinning. 
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Chapter 5  
 
Static and Fatigue Behaviour of Z-Pinned 
Laminates under Flexural Loading 
 
 
 
 
 
 
ABSTRACT 
This chapter examines the effect of pinning on the flexural properties, fatigue endurance and 
failure mechanisms of carbon/epoxy laminates. Five-harness satin weave carbon/epoxy 
laminates were reinforced in the through-thickness direction with different volume fractions 
and sizes of fibrous composite pins. The pins did not affect the flexural modulus of the 
laminate. However, increasing the volume content or diameter of the pins caused a steady 
decline in the flexural strength and fatigue life, which appear to be governed by delamination 
and fibre rupture on the tensile side of the laminate. The declines are similar in rate to those 
measured for uniaxial tensile loading. Property changes are discussed in terms of transitions 
in the dominant failure mechanisms due to the presence of pins. 
 
5.1 Introduction 
The effect of pinning on the performance of laminated composites in tension and compression 
has been studied in detail [14, 25, 47], but not bending. Many of the aerospace structures that 
may benefit from the improved impact damage tolerance and joint strength gained by 
pinning, such as wing and fuselage panels, are subject to static or fluctuating bending stresses 
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during flight. For this reason, this chapter investigates the effect of the volume content and 
diameter of z-pins on the flexural modulus, strength and fatigue endurance of an aerospace-
grade carbon/epoxy laminate subjected to monotonic and cyclic flexural loading.  
 
5.2 Materials and Experimental Techniques 
5.2.1 Fabricating Z-Pinned Laminates 
The flexural test specimens were made using a 5-harness satin carbon/epoxy prepreg.1 The 
specimens contained twelve plies of prepreg stacked in a [0/90] pattern with the 0° fibres 
aligned along the specimen length. Prior to curing, the prepreg stack was debulked by 
vacuum bagging and then reinforced using pultruded carbon/bismaleimide pins. The pins 
were inserted using the process described in Chapter 3. The prepreg was reinforced with thin 
00.28 mm) diameter pins to volume contents of 0.5%, 2.0% and 4.0% and with thick (0.51 
mm) diameter pins to a volume content of 2%. This material matrix allowed investigation of 
the effect of both pin content and pin size on the flexural properties and fatigue performance. 
The entire gauge region of the flexural specimens was pinned. The pins were aligned in 
parallel rows along and across the specimen, as illustrated in Figure 50.  
 
 
Figure 50. Flexure specimen. 
 
 
The prepreg stack was constrained inside a rectangular frame during pinning to suppress 
lateral spreading of the material. As a result, the thickness of the stack expanded to 
accommodate the pins (Table 5). The swelling increased with the volume content and 
diameter of the pins by a percentage greater than the volume percentage of the pins, 
suggesting that each pin influences in-plane fibre packing over a region significantly larger 
than the pin itself. The pins may also reduce compaction of the prepreg stack during curing by 
propping the mold surfaces. The amount of swelling was greater than that experienced when 
                                                 
1 HexPly® 914 supplied by Hexcel Composites 
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pinning the unidirectional and quasi-isotropic tap laminates. The prepreg was consolidated 
and cured in an autoclave at an overpressure of 500 kPa and temperature of 115°C for thirty 
minutes and then 750 kPa and 180°C for one hour.  
 
Table 5 Thickness of the specimens with different types of z-pin reinforcement 
Z-Pin Volume Content 
(%) 
Z-Pin Diameter 
(mm) 
Thickness 
(mm) 
Percentage Increase in 
Thickness (%) 
0 
0.5 
2.0 
4.0 
2.0 
0 
0.28 
0.28 
0.28 
0.51 
3.83 ± 0.11 
3.90 ± 0.03 
4.01 ± 0.01 
4.09 ± 0.07 
4.16 ± 0.05 
- 
1.8 
4.7 
6.8 
8.6 
 
5.2.2 Monotonic & Fatigue Flexural Testing 
Monotonic and fatigue flexure tests were performed on specimens with the dimensions given 
in Figure 50. The specimens were tested in four-point  loading as shown in Figure 51. The 
monotonic tests were performed in accordance to ASTM D790 using a 100 kN MTS machine 
at a loading rate of 5.3 mm/min. The support span-to-thickness ratio used in the tests was 32-
to-1. 
 
 
Figure 51. Schematic of flexure test by four-point bending. 
 
The flexural modulus of the specimen was calculated using: 
 
 
3
3
0.17
f
L mE
bd
=  (2) 
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where L was the support span length, b and d are the width and thickness of the specimen, 
and m was the slope of the tangent to the initial straight-line portion of the load-deflection 
curve. The flexural strength, fσ , which refers to the local stress on the surfaces of the 
specimen at failure, was determined by:  
 
 max2
3
4f
P L
bd
σ =  (3) 
 
where maxP  was the maximum applied load. 
 
The maximum strain, ε , was given by: 
 2
4.36Dd
L
ε =  (4) 
 
where D was the maximum deflection at the centre of the beam.  
 
The fatigue tests were performed by cyclically loading the specimens in four-point bending 
using a support span-to-thickness ratio of 32-to-1. The tests were performed using a cyclic 
sinusoidal loading condition with a stress (R) ratio of 0.6 and loading frequency of 5 Hz. 
Tests were performed at peak flexural stress levels between 70 and 95% of the flexural 
strength of the laminate to generate fatigue life (S-logN) curves. The number of load cycles to 
failure (N) was taken to be when the laminate could no longer carry the peak fatigue stress, 
which coincided with fracture of the specimen. Tests on specimens that did not fail were 
stopped at one million cycles.  
 
5.3 Results and Discussion 
5.3.1 Flexural Properties of Z-Pinned Composite under Monotonic 
Loading 
The flexure stress-strain curves show linear behaviour to the point of ultimate failure. Figure 
52 shows that pin volume content reduces the ultimate failure stress and strain. Figure 53 
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shows the same trend for increasing pin size; the larger the pin, then the greater the reduction 
in ultimate failure stress and strain. 
 
0
100
200
300
400
500
600
700
0 2000 4000 6000 8000 10000
Strain (microstrain)
St
re
ss
 (M
Pa
)
Unpinned
0.5%
2%
4%
 
Figure 52. Stress-strain curves for specimens with different pin volume content. 
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Figure 53. Stress-strain curves for specimens with different pin diameter. 
 
The presence of pins did not cause the elastic flexural modulus to change, despite the 
swelling and damage caused to the laminate by the pinning process (Figure 54). In-plane 
distortion and out-of-plane crimping of the load-bearing fibres around the pins might be 
expected to reduce the modulus, but the effects apparently do not have a statistically 
significant effect beyond the knockdown already expected from crimp in the satin weave. The 
effects of small clusters of broken fibres at each pin are expected to be even smaller. The 
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flexural modulus did not change when the pin diameter was increased at fixed pin volume 
fraction (Figure 56), consistent with the absence of a dependence on pin content at fixed pin 
size (Figure 54). The absence of effects on elasticity is consistent with tensile and 
compressive data for carbon/epoxy laminates [25].  
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Figure 54. Effect of z-pin content on flexural modulus. The composite was reinforced with the thin (0.28 mm 
Ø) pins. 
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Figure 55. Effect of z-pin diameter on flexural modulus. The pin content was 2%. 
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Figure 56. Effect of pin diameter on flexural modulus. The pin content was 2%.  
 
Figure 57 shows the effect of pin content on flexural strength. The strength has been deduced 
from the critical load via Equation (3), using the actual specimen thickness in each case. The 
strength declines linearly with increasing pin content, falling approximately 6% for every 1% 
of pin content. Both swelling and microstructural damage could be significant factors in 
strength degradation. Swelling reduces the volume fraction of in-plane fibres; the critical 
bending stress, which samples the local strength of the material near the specimen surface, 
will fall if the local fibre volume fraction falls along with the average.  
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Figure 57. Effect of z-pin content on the actual and corrected flexural strength. The laminate was reinforced 
with the thin (0.28 mm) pins.  
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If variations in the specimen thickness are not measured but the thickness is assumed to 
remain that of the unpinned laminate (which is not recommended but has been common in 
literature and in engineering design practice), substantially different bending strengths will be 
deduced from the critical load. The implied strength, termed the “corrected strength” again 
declines linearly with pin content, but at a slower rate than if the critical stress is calculated 
correctly. The trends found here are consistent with those found for the in-plane strengths of 
both unidirectional and quasi-isotropic carbon/epoxy laminates in uniaxial tension (Chapter 
4), although the rate of decline with pin content is slightly greater. 
 
Figure 58 shows side-views of failed specimens with different pin content. In the absence of 
pins, the laminate failed by bending-induced tensile rupture of the surface ply, which was 
accompanied by delamination cracking between all plies. Tensile rupture of the surface fibres 
was deduced to be the first failure event: the flexural stress-strain curves remained linear to 
ultimate failure, suggesting that delaminations, which would be non-critical on the tensile 
side, did not form until after the main fracture event. Furthermore, there was no driving force 
for delaminations on the tensile side of the specimen without prior fibre breakage. The pinned 
composites also failed by tensile rupture of the surface ply, but delamination was less 
extensive. In the pinned laminates, delaminations developed between the plies close to the 
surface that experienced a compressive strain induced under flexural loading. The pins 
suppressed the formation of multiple delamination cracks through the specimen, even at the 
lowest pin content (0.5%). Pins tend to suppress delamination growth beyond lengths of 1-2 
pin rows (or 2-5 mm) by generating bridging tractions that reduce the stress at the crack tip. 
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(a) 
 
 
(b) 
 
 
(c) 
 
 
(d) 
 
Figure 58. Failed flexural specimens containing (a) 0%, (b) 0.5%, (c) 2.0% and (d) 4.0% pins. 
 
 
Post-mortem examination also revealed that the pinned laminates always failed along a single 
row of pins (Figure 59). Some flexural tests were interrupted at stress levels slightly below 
the expected ultimate failure stress to study failure mechanisms in greater detail. Optical and 
scanning electron microscopy revealed that cracks leading to complete fracture in subsequent 
re-loading appeared to initiate in the damaged regions surrounding the pins (Figure 60). The 
cracks were confined to the neighbourhood of the specimen surface that experienced tension. 
They are surmised to have initiated in clusters of broken fibres near the pins, spread radially 
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towards similar cracks propagating from neighbouring pins, and coalesced into a single 
through-width crack that caused final failure. The deleterious effect on strength of increasing 
the pin content is probably due to decreases in the proportion of fibres across a section that 
are unaffected by fibre breakage near pins.  
 
 
Figure 59. Fracture surface of a pinned specimen. The arrows indicate the location of the pins visible at the 
surface. 
 
 
Figure 60. Scanning electron micrograph showing a crack that initiated near a pin under flexural loading. 
 
 
The flexural strength dropped at a linear rate with increasing pin diameter at fixed pin volume 
fraction (Figure 56 and Figure 57). For the specimens, the effect of swelling on the strength 
may be large, because the volume fraction of load-bearing fibres in the laminate was reduced 
by 4.7% when reinforced with the thin pins and lowered by 8.6% with the thick pins, despite 
the pin content being the same (see Table 5). Nevertheless, the magnitude of the decrease in 
strength in Figure 56 is still greater than implied by the specimen swelling alone, suggesting 
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that damage caused by the pinning process also contributed to the loss in strength. Increasing 
the pin diameter probably resulted in a greater number of broken fibres at each pin location, 
although this could not be confirmed by microstructural analysis. The force needed to drive 
the pins through the laminate increases with their diameter (measured qualitatively by the 
operator), resulting in a higher stress exerted by the pin tip onto the fibres during the pinning 
process. 
The reduction to the measured flexural strength ( fσ ) with increasing volume content and 
diameter of the pins can be summarised numerically by the linear equation: 
 
 [ ](0) 1f r
f
Dc
σ ασ = −  (5) 
 
where fσ  is the flexural strength of the unpinned laminate, rc  and D  are the area fraction 
and diameter of the pins, and 0.22α =  mm 1−  is a material constant for the laminate. The 
authors have found that the same relationship between strength and the pin content and 
diameter can be applied to calculate tensile strength of pinned laminates. 
 
 
5.3.2 Flexural Properties of Z-Pinned Composite under Cyclic Loading 
Fatigue life is degraded with increasing pin content and diameter, but this is due mostly to the 
knock-down in the static flexural strength caused by the pins (Figure 61). The unpinned 
specimens that failed under fatigue loading appeared similar to the specimens without pins 
that broke under monotonic loading; failure was due to fibre rupture and multiple 
delamination cracking. Likewise, the failure mode of the pinned laminates under monotonic 
and fatigue loading was identical, involving rupture across the specimens along a single row 
of pins with the suppression of multiple delamination cracks. Therefore, the factors that 
determined the static strength of the pinned laminates, namely fibre dilution and clusters of 
broken fibres, also controlled the fatigue strength. 
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(b) 
Figure 61. S-logN curves for the laminate reinforced with different (a) pin contents and (b) pin diameters. In 
(a) the laminate was reinforced with the thin (0.28 mm Ø) pins. In (b) the laminate was reinforced to a pin 
content of 2%. 
 
 
5.4 Conclusions 
The effect of z-pin volume content and diameter on the flexural properties of woven 
carbon/epoxy laminates was determined. The flexural modulus of z-pinned composites 
remained relatively unchanged with modest z-pin volume content and diameter. The changes 
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are less than 5% which is good for structures which require modulus retention. The strength, 
however, is reduced with increasing volume content and diameter of pins by as much as 25% 
at the highest volume content and diameter. The change in strength with increasing z-pin 
volume content was caused by a change in failure mode. A high degree of delamination was 
present in unpinned specimens which gradually diminished as z-pin content increased. While 
delamination was suppressed at higher z-pin volume contents, localised failure was induced 
along a row of z-pins which eventually became the fracture site. The cause was identified as 
damage to the composite surrounding the z-pin in the form of fibre misalignment, fibre 
crimping, resin rich zones. The change in strength with increasing z-pin diameter was caused 
by microstructural damage with no change in failure mode.  
 
The fatigue curves for composite with increasing z-pin volume content reflects the same 
strength reductions in monotonic tests. The slope for the unpinned composite was not 
significantly affected by increasing z-pin volume content. This implies that the monotonic 
strength reduction is the only performance penalty for z-pinned composites. The rate of 
degradation by cyclic loading is almost equivalent to the unpinned composite. Z-pinning does 
not accelerate fatigue-induced damage and the failure mode is the same as the monotonic 
failure mode.   
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Chapter 6  
 
Static and Fatigue Behaviour of Z-Pinned 
Single Lap Joints under Tensile Loading 
 
 
 
 
 
 
ABSTRACT 
The effect of through-thickness reinforcement by fibrous pins on the static tensile strength, 
fatigue life and failure mechanisms of single lap joints made of carbon/epoxy composite is 
investigated. Pinning is highly effective in increasing the ultimate strength, elongation limit 
and fatigue life. Improvements to the monotonic and fatigue properties are attributed to 
transitions in the failure mechanisms, from unstable joint debonding in the absence of pins to 
stable debonding in the presence of pins followed by ultimate failure by pin pull-out or shear 
fracture or tensile laminate rupture. Which mechanism induces ultimate failure in the 
presence of pins depends on their volume content and diameter. The trends with volume 
content and diameter can be predicted qualitatively using analytical results from a previously 
published model of the deformation mechanics of pins loaded in mixed mode. 
  
6.1 Introduction 
A long-standing concern with adhesively bonded and co-cured joints between fibre-
reinforced polymer composite is catastrophic failure of the bond-line due to over-loading, 
environmental degradation or fatigue. Bonded joints are particularly susceptible to 
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delamination failure when subjected to in-plane tensile loading that imparts a shear stress 
along the bond-line. Composite lap joints can be strengthened in several ways, with the most 
common being the use of a high toughness adhesive at the bond-line in combination with 
reinforcement by mechanical fasteners ( e.g., screws, bolts, rivets). However, machined 
fastener holes are stress concentration sites under tensile and shear loading that may cause 
local damage to the surrounding composite material.  
 
An alternative approach to improving the ultimate strength of joints is to reinforce the bonded 
region with stitches [54-60], rods or pins [1, 2, 8, 61-66]. Stitching with high strength fibrous 
yarns through the overlap region of a joint improves both the tensile strength (up to 40%) and 
fatigue performance (up to two orders of magnitude) [57, 58]. Stitching does not suppress 
delamination cracking along the bond-line, however the unbroken stitches bridge the bond-
line of a fractured joint and thereby sustaining the applied stress across the joint to higher 
loads. The stitches are typically 0.5 – 1 mm in diameter and therefore introduce a significant 
perturbation to the in-plane fibres. 
 
Inserting thin rods or pins through a composite can be a less costly and easier manufacturing 
process and allows metallic as well as composite materials to be used. The possibility also 
exists of discovering processing methods for introducing much finer pins or rods, even down 
to nanometer dimensions, which may have significant performance benefits. However, 
current pinning techniques are restricted to pins of diameter 0.25 mm and greater. Pinning 
reinforcement has yielded large improvements in the shear strength of single lap joints [18, 
45], the pull-off strength of T-joints [1], and the fatigue life of blade-stiffened panels [10]. 
For example, Rugg et al. [45] measured a doubling in the ultimate failure strength of a lap 
joint when reinforced with pultruded carbon fibre pins.  Freitas et al. [1] found that the pull-
off strength of T-joints was improved by 2.3 to 2.6 times with composite pins; although in a 
different study, Rugg et al. [18] found much more modest improvements, between 0 and 
40%, depending on the arm length in the loading configuration (which controls the fracture 
mode ratio and thus the failure mechanism). As with stitched joints, the ultimate strength is 
improved due to a crack bridging mechanism in which pins transfer the applied stress across 
the joint after bond-line fracture. Bridging by pins has a profound effect on the propagation of 
large delamination cracks (longer than ~5 mm), often leading to crack arrest due to shielding 
of the delamination crack tip from the applied load. Rugg et al. [45] and Cartié et al. [67] 
observed that both composite and metallic pins introduce several energy absorption 
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processes, including inelastic deformation, pull-out and/or fracture of the pins; and 
irreversible deformation of the surrounding composite material. These processes may increase 
energy absorption of the joint 100 times over a simple adhesive joint [45]. Improvements in 
ultimate strength of the joint are related to the strength of the pins and their resistance to 
being pulled out of the laminate [37, 67]. 
 
Despite the known benefits of pinning composite joints, the influence of the volume content 
and size of the pins on the tensile strength and tensile fatigue life has not been systematically 
investigated and optimum pinning conditions remain to be established. Therefore, the aim of 
the present study is to investigate the effects of the density and diameter of pins on the 
strength and fatigue life of co-cured carbon/epoxy composite joints. A number of distinct 
failure mechanisms are observed, which can be accounted for by a recent model of pin 
deformation mechanics.  A method for systematic optimisation of pinning will be sought 
from the experimental data and the model. 
 
 
6.2 Materials & Experimental Techniques 
6.2.1 Manufacture of Z-Pinned Single Lap Joints 
Single lap joints were made using 5-harness satin carbon/epoxy prepreg (Fibredux 914)2.  The 
prepreg was laid up with the warp (0°) fibres aligned along the joint length, which is also the 
direction of tensile loading. Prior to curing, the joints were pinned through the overlap region 
using 8 mm long pultruded carbon/bismaleimide pins.3   The arms of the adherend outside of 
the overlap region were not pinned. The pins were inserted in the through-thickness direction 
of the joint using a hand-held ultrasonically actuated horn. 
  
The influence of pin density was examined by reinforcing the lap joint with small (0.28 mm) 
diameter pins to area densities of 0.5%, 2.0% and 4.0%. The effect of pin diameter was 
examined by reinforcing the joint using small (0.28 mm) or large (0.51 mm) diameter pins to 
the same area density of 2.0%. After pinning, the lap joints were consolidated and cured in an 
autoclave at an overpressure of 500 kPa and temperature of 115°C for one hour and then 750 
kPa and 180°C for two hours.  Lap joints without pins were made as reference specimens, and 
cured under the same conditions as the pinned samples. The pinned and unpinned joints were 
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bonded by co-curing of the laminate adherends in the autoclave; no adhesive film was used in 
the bond-line to increase the strength and toughness of the joints. 
 
During insertion of the pins and subsequent consolidation of the lap joints during curing in 
the autoclave most of the pins became misaligned. Figure 32 shows a pinned laminate in 
cross-section: the pin is inclined at an offset angle (φ) from the orthogonal (through-
thickness) direction. Detailed measurements of the off-set angle were reported in Section 3.3 
for pins inserted into a unidirectional carbon/epoxy tape laminate. The offset angles for the 
small (0.28 mm) and large (0.51 mm) diameter pins were 13.8 ± 4.2° and 23.4 ± 4.5°, 
respectively. Measurements made at different stages of processing revealed that misalignment 
occurred both when the excess pin length was sheared off with the blade and during 
compaction in the autoclave (section 3.2). Similar off-set angles are expected for the woven 
carbon/epoxy used in the lap joint specimens studied in the present work. Because of the 
misalignment, the areal fraction of pins on the plane of the bond-line was slightly greater than 
had the pins remained orthogonal (Table 6). The offset causes a few percent increase in the 
area fraction, which will have no effect on the limited analysis presented in the present study. 
 
Table 6. Areal fraction of z-pins along the joint bond-line. 
Z-Pin Size Z-Pin Volume Content 
(%) 
Areal Fraction of Z-Pins 
(%) 
Small (0.28 mm) 
Small (0.28 mm) 
Large (0.51 mm) 
Small (0.28 mm) 
0.5 
2.0 
2.0 
4.0 
0.52 
2.06 
2.18 
4.12 
 
Thickness measurements for z-pinned single lap joints found that for the highest areal density 
of pins the thickness could increase by as much as 20% for reasons discussed in subsection 
3.3.3. In spite of this variation in thickness, simple load transfer analysis shows that the 
increase in total joint thickness will not significantly alter the magnitude of the bond-line 
shear stress induced for a given tensile load. Furthermore, since the bond-line (resin layer) 
thickness is not affected by the swelling, the critical local conditions for bond-line crack 
propagation should not be affected by the swelling, since, for most of its propagation, the 
crack front is not intersecting a pin.  (However, as discussed below, the far-field conditions 
for crack propagation will be considerably changed by pin bridging, through its shielding 
effect in the crack wake).  
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6.2.2 Monotonic and Fatigue Tensile Testing  
The dimensions of the lap joint specimens are shown in Figure 62. The bonded region was 30 
mm long and 25 mm wide, and the entire region was reinforced with pins. The adherend arms 
were not pinned. Monotonic and cyclic tensile loads were applied along the specimen length, 
which imparted a shear stress along the bond-line. The bond-line delamination strength, 
ultimate failure strength and elongation limit of the lap joints were determined under 
monotonic loading at a crosshead speed of 1 mm/min.  The lap joints were also loaded in 
tension at different crosshead speeds: 500, 100, 10, 1 and 0.1 mm/min. The fatigue life of the 
joints was measured under tension-tension loading using a cyclic sinusoidal waveform with a 
stress (R) ratio of 0.6 and loading frequency of 5 Hz.   The number of load cycles to failure 
was taken to be when the joint could no longer carry the peak fatigue stress, which always 
coincided with complete fatigue rupture of the joint. Both the monotonic and fatigue tests 
were performed using a 100 kN MTS machine under ambient environmental conditions 
(~22°C, 50% relative humidity). 
 
 
 
Figure 62. Dimensions of lap joint specimens. 
The arrows indicate the tensile load direction. 
 
6.3 Results and Discussions 
6.3.1 Monotonic Tension 
6.3.1.1 Effect of Volume Content of Z-pins 
Figure 63 presents shear stress-displacement curves for the lap joint reinforced with different 
volume contents of the small diameter z-pins.  The shear stress is that calculated from the 
applied tensile load divided by the bond-line area.  The properties and failure modes are given 
in Table 7. The curve for the unpinned joint rises linearly up to the peak failure stress of 13.2 
MPa, where the resin bond-line fails by rapid (unstable) delamination fracture. The initiation 
stress is determined by the three-dimensional stress concentration at the overlap ends and the 
fracture properties of the resin matrix. Propagation following initiation tends to be 
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catastrophic because the resin is a relatively brittle material and the joint geometry presents 
an energy release rate that increases with crack length. The curves for the pinned joints 
initially increase at the same rate as the unpinned specimen, revealing the initial joint stiffness 
is not affected significantly by pinning. However, between 10 and 13 MPa a small drop in 
load capacity occurs, before the load increases to the ultimate failure strength. A magnified 
view of the curves for the pinned joints in Figure 63 shows these small load drops more 
clearly. The load drop corresponds to the initiation and propagation of a debond crack, which 
is at least initially unstable. The stress at the load drop is defined as the bond-line initiation 
strength, initσ , in Table 7. This is not necessarily the same as the stress, debσ , at which a crack 
(bridged by pins) completely traverses the joint.  
 
 
 
 
 
Figure 63. Tensile stress-displacement curves for lap joints  
reinforced with different amounts of thin z-pins. 
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Table 7. Effect of z-pin content on static tensile properties of the lap joints 
The joints were reinforced with 0.28 mm diameter z-pins. (Numbers in brackets indicate  
the percentage change in properties). 
Z-Pin  
Content 
% 
Bond-line 
Strength 
(MPa) 
Ultimate 
Strength 
(MPa) 
Maximum 
Elongation 
(mm) 
Initial Elastic 
Stiffness 
(N/mm) 
Secondary 
Elastic 
Stiffness 
(N/mm) 
0 
0.5 
2 
4 
 
(low) 
(medium) 
(high) 
13.2 
12.7 
11.5 
10.3 
 
(-4%) 
(-13%) 
(-22%) 
13.2
14.2
18.7
16.2
 
(+8%) 
(+41%) 
(+23%) 
0.87
0.97
1.35
1.15
 
(+11%) 
(+56%) 
(+33%) 
12632 
12842 
12454 
11938 
- 
10804 
11680 
11527 
 
The pinned joints were examined during tensile testing by interrupting tests to study the 
initiation and growth of the bond-line delamination cracks. Arrested cracks were observed in 
some cases, implying a period of stable crack growth following initiation, accompanied by 
rising applied stress. Rugg et al. [45] also observed a change from unstable to stable 
delamination crack growth in carbon/epoxy lap joints when reinforced with pins, without 
investigating the effect of pin density; while Massabò and Cox [68] have considered the 
generic implications of bridging on crack stability. The initiation strength decreases 
progressively with increasing pin density, by over 20% at the highest pin density (4%).  
While the stress for complete debonding was not detected in the experiments (even if it 
differed from the initiation stress), ultimate failure is seen in Figure 63 to exceed the initiation 
stress substantially. 
 
Table 7 shows that the ultimate tensile strength and elongation limit were greatly improved 
by pinning. However, the improvement did not increase monotonically with pin density, but 
was greatest at the intermediate pin density, for which the ultimate strength and failure limit 
were increased by 41% and 56% respectively. Table 7 also gives the initial elastic stiffness 
(prior to load drop) and secondary stiffness (following the load drop) for the joints. The 
secondary stiffness values remain high despite the presence of cracking along the bond-line, 
falling by only 6-16% after the bond-line crack initiation event. Thus the pins provide 
considerable damage tolerance in terms of joint compliance. 
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6.3.1.2 Dependence of Failure Mechanism on Pin Density 
The sequence of damage events that led to ultimate failure depended on the pin density, as 
shown schematically in Figure 64. The unpinned joint failed by unstable crack growth along 
the bond-line (Figure 64a). Bond-line cracks in the joint with the lowest density of pins 
(0.5%) initiated at both ends of the overlap and grew stably with increased loading along the 
bond-line (Figure 64b). The pins bridged the cracks and sustained the applied load beyond the 
initiation stress for bond-line cracking. In situ observations revealed that cracks grew stably 
from both ends of the overlap until they covered approximately 50% of the bonded region, 
resulting in an improvement to the ultimate tensile strength. At this point, unstable crack 
growth and pin failure caused complete joint fracture without further load increase. 
 
A different failure mode was observed for the joints reinforced with the intermediate (2%) or 
high (4%) density of pins. The delamination cracks in these joints grew less than 5 mm from 
the edges of the overlap region before being arrested (Figure 64c). No further cracking along 
the bond-line was observed after this short initial crack growth. The likely reason for this is 
that the effective stiffness of the bridging mechanism is expected to rise proportionately with 
the pin density. Stiffer bridging tractions tend to favour stable crack propagation (crack 
driving force rising more strongly with crack length) [68-70] and thus the possibility of arrest 
after some growth. Experimental confirmation of increasing mode II delamination resistance 
with increasing pin density has been previously reported elsewhere [3]. If the pin density is 
low, then the discreteness of the pins can also play a role in determining the length of crack 
growth before arrest, since bridging cannot occur until at least one row of pins is in the crack 
wake. Further remarks on the physical origins of crack arrest appear in subsection 6.3.3. 
 
The pin density also affected the final failure mechanism of the joints. Post-mortem 
examination of the joint with the lowest pin content (0.5%) revealed that the pins failed by 
shear rupture at the fracture surface (Figure 65). The fractured bond-line appears relatively 
smooth, with no evidence of unbroken pins protruding from the fracture surfaces of the bond-
line, which would indicate failure by pull-out of the pins. Scanning electron microscopy 
revealed that the pins protruded a very short distance (typically less than 0.1 mm) above the 
fracture surface, as shown in Figure 66. The opposing fracture surface contained shallow 
holes corresponding to the small protrusions, but the remaining portion of the pins can be 
clearly seen within the holes (Figure 66b). 
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(a) 
 
 
 
(b) 
 
 
 
(c) 
 
Figure 64. Schematic of the initial failure mode of the lap joints under static tensile loading 
(a) Unstable delamination fracture of the adhesive bond-line in the absence of z-pins.  
(b) Stable delamination failure of the bond-line promoting crack bridging with the lowest volume content of thin 
z-pins. (c) Small-scale delamination at the intermediate and highest volume content of z-pins. 
 
 
 
 
Figure 65. Side-view schematic and photograph of tensile failure of lap joint  
reinforced with the lowest volume content of thin z-pins. Note that final fracture occurred along the bond-line, 
with the z-pins failing by shear rupture. 
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(a) 
 
 
(b) 
 
Figure 66. Fracture surfaces to the lap joint with the lowest volume content of thin z-pins  
showing (a) a broken pin protruding slightly above the fracture surface and (b) a shallow hole in the fracture 
surface containing a broken pin. 
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Figure 67. Side-view schematic and photograph of the tensile failure of a lap joint reinforced with the 
intermediate or highest volume content of thin z-pins. Note that final fracture occurred by a crack propagating 
from the bond-line through the laminate. 
 
This failure mechanism was not observed in the joints reinforced with the intermediate and 
highest pin contents. Instead, these joints failed in the laminate adherend at a row of pins near 
the edge of the overlap, as shown in Figure 67. Thus at the intermediate and highest densities 
of pinning the joint strength exceeds that of the laminate adherend. However, while the joints 
with the intermediate and higher pin densities both failed in the laminate adherend, the 
ultimate strength and elongation limit of the joint were highest for the intermediate pin 
density. This and other trends will be rationalized in subsection 6.3.3. 
 
6.3.1.3 Dependence of Failure Mechanism on Pin Diameter 
The effect of pin diameter on the tensile properties of the lap joint is shown in Table 8. The 
ultimate strength and elongation limit were greatly improved for both pin diameters, with the 
smaller pin size more effective by a modest degree. However, post-mortem examination 
revealed that varying the pin size induced a transition in the failure mechanism. As described 
above, at a density of 2% the thinner pins arrested bond-line cracks and the joint failed in the 
laminate adherend (Figure 67). In contrast, with the same pin density but with thicker pins, 
the delamination crack propagated along the entire bond-line. Whether ultimate failure then 
followed immediately or whether it occurred only after further load increases was not 
resolved during the experiments. However, the mechanism of ultimate failure was clearly 
revealed by post-mortem observations to be a combination of complete pin pull-out and pin 
pull-out interrupted by pin shear failure. The pins were observed protruding a large distance 
above the fracture surfaces (Figure 68) and scanning electron micrographs showed most of 
them protruding intact from the surface, while the opposing surface contains corresponding 
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deep holes (Figure 69). The surfaces of the pins are severely splintered, and lack the smooth 
surface texture of virgin pins (prior to being inserted into the joint). High frictional forces 
opposing the pull-out of the pins are implied and corroborated by the damage seen on the 
opposing laminate surface (Figure 69b). While most of the thick pins failed by complete pull-
out, about one-third failed by the combined processes of pull-out and shear rupture. Figure 70 
shows two examples of pins on the fracture surfaces to the joint that failed by these combined 
processes. One pin experienced complete pull-out before breaking at the fracture surface 
while the other pin broke near the surface without undergoing significant pull-out. It therefore 
appears that the principal failure mechanism of the joint containing the thick z-pins was 
debonding and complete pin pull-out, with a smaller proportion of pins failing by limited 
pull-out interrupted by shear rupture. 
 
Table 8. Effect of z-pin size on the tensile properties of the lap joints. The joints were reinforced with 2 
vol% of pins. (Numbers in brackets indicate the percentage change in properties). 
Z-Pin 
Diameter 
(mm) 
Bond-line 
Strength 
(MPa) 
Ultimate 
Strength 
(MPa) 
Maximum 
Elongation 
(mm) 
Initial Elastic 
Stiffness 
(N/mm) 
Secondary 
Elastic Stiffness 
(N/mm) 
0 
0.28 
0.51 
 
(thin) 
(thick) 
13.2
11.5
14.4
 
(-13%) 
(+9%) 
13.2 
18.7 
17.8 
 
(+41%) 
(+35%) 
0.87
1.35
1.20
 
(+56%)
(+39%)
12632 
12454 
12549 
- 
11680 
10957 
 
 
 
 
Figure 68. Side-view of the fractured lap joint reinforced with the thick z-pins. 
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(a) 
 
 
(b) 
 
Figure 69. Fracture surfaces of the lap joint with the thick z-pins showing evidence of large-scale pull-out of 
the pins. (a) Z-pins protruding above the fracture surface. (b) A hole in the fracture surface formed from the 
complete pull-out of a pin. 
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(a) 
 
 
(b) 
 
Figure 70. Fracture surfaces to the lap joint with the thick z-pins showing evidence of combined pull-out and 
fracture of the pins. (a) A z-pin that has experienced large-scale pull-out and transverse shear fracture. (b) A z-
pin that has experienced small-scale pull-out and shear. 
 
6.3.1.4 Joint Properties at High Strain Rates 
Table 9 shows the bond-line strength and ultimate strength of unpinned and pinned joints 
with increasing loading rate. The load rate was varied between 0.1 to 500 mm/min (ie. over 
four orders of magnitude) to determine the sensitivity of the joint properties to strain rate. For 
the control case and the low pin volume (0.5%) the failure mode was shear fracture of the 
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pins across the bond-line which was also independent of the strain rate. At 4% volume 
content, the bond-line failure was suppressed with failure occurring in the adherend, and this 
was also independent of the load rates. However, at 2% volume, whether the pins were thin 
(0.28 mm) or thick (0.51 mm) the failure mode was random showing no clear trends with 
increasing strain rate. However, it was noted that thicker pins were more likely to trigger 
adherend failure whereas thinner pins mostly failed in shear. 
 
Table 9. Effect of pin content and diameter at different load rates on failure mode, bond-line strength and 
ultimate tensile strength of single lap joints. 
Pin Volume
(%) 
Pin Size 
(mm) 
Loading Rate
(mm/min) 
Failure Type
 
Bond Strength
(MPa) 
Ultimate Strength 
(MPa) 
0.0 --- 500 Shear 13.8 13.8 
0.0 --- 100 Shear 11.7 11.7 
0.0 --- 10 Shear 12.4 12.4 
0.0 --- 1 Shear 12.7 12.7 
0.0 --- 0.1 Shear 13.1 13.1 
0.5 0.28 500 Shear 11.4 14.9 
0.5 0.28 100 Shear 12.6 15.9 
0.5 0.28 10 Shear 11.6 14.2 
0.5 0.28 1 Shear 13.4 13.7 
0.5 0.28 0.1 Shear 12.0 12.9 
2.0 0.28 500 Shear 11.0 16.8 
2.0 0.28 100 Shear 10.0 18.2 
2.0 0.28 10 Adherend 10.6 15.9 
2.0 0.28 1 Shear 12.6 13.1 
2.0 0.28 0.1 Shear 12.1 12.3 
4.0 0.28 500 Adherend 12.9 15.4 
4.0 0.28 100 Adherend 11.9 16.8 
4.0 0.28 10 Adherend 13.3 15.6 
4.0 0.28 1 Adherend 13.4 16.3 
4.0 0.28 0.1 Adherend 13.5 16.5 
2.0 0.51 500 Shear 9.4 17.1 
2.0 0.51 100 Adherend 10.6 16.5 
2.0 0.51 10 Adherend 10.6 16.7 
2.0 0.51 1 Adherend 10.7 16.5 
2.0 0.51 0.1 Shear 12.0 17.7 
 
 
For the series of graphs shown in Figure 71 the ultimate strength of single lap joints is plotted 
against the load rate at fixed pin contents. Beneath the scatter, it can be seen that the load rate 
has no significant effect on the strength. 
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(e) 
Figure 71. Ultimate strength versus strain rate for joints with (a) no pins (b) 0.5% (c) 2.0% (d) 4%  and (e) 
2.0%.  
 
6.3.2 Fatigue Properties 
6.3.2.1 Effect of pin density 
The tensile fatigue life (S-N) curves for the lap joint reinforced with different pin densities are 
shown in Figure 72. The fatigue life increases significantly with the pin density, and the S-N 
curves preserve the order of strength seen in monotonic loading (with the intermediate pin 
density (2%) being strongest). The S-N curves for the pinned joints are relatively flat, with 
run-out (N > 106 cycles) achieved when the maximum stress is less than approximately 90% 
of the monotonic strength. In contrast, the unpinned joint shows significant slope, with 
lifetime falling to 75% of monotonic strength at 106 cycles. Thus pinning has suppressed 
strength loss due to any accumulating damage. 
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Figure 72. Effect of volume content of z-pins on tensile fatigue life of lap joints. The pinned joints were 
reinforced with the thin z-pins. The curves for the z-pinned joints show the predicted fatigue life. 
 
The sequence of failure events was observed during fatigue testing. In both the unpinned joint 
and the joint with 0.5% z-pins, the first significant damage was a bond-line delamination 
crack, which grew stably with the number of load cycles. Debond cracking also occurred for 
these joints under static tensile loading, but in an unstable manner (see Figure 64a and Figure 
64b). Under cyclic loading, the joint with 0.5% pin density eventually failed by fatigue-
induced transverse (shear) rupture. The broken pins appeared similar to those that failed 
under monotonic loading (see Figure 66). 
Two different fatigue failure mechanisms were observed for the joint with 2% pin density. 
Some of the specimens failed by fatigue-induced rupture of the laminate adherend, which is 
the failure mode that occurred under monotonic loading (see Figure 67). However, other 
specimens experienced stable propagation of a complete bond-line delamination crack, 
followed ultimately by fatigue-induced shear rupture of the pins close to the bond-line, as 
shown in Figure 73. Prior to pin rupture, the adherend material surrounding the pins was 
severely damaged (Figure 74) due to the cyclic displacement of the bridging pins, which 
results in a high concentration of stress around each pin. The shear stress carried by the pins 
at the bond-line causes lateral deflection of the pins into the laminate, which drives the 
damage.  The presence of two competing mechanisms at the intermediate pin content 
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suggests that the fatigue properties of the pinned joint and the laminate adherend are virtually 
identical for these material parameters. 
 
 
Figure 73. Cross-section view of the fractured bond-line to a fatigue lap joint specimen reinforced with the 
intermediate volume content of thin z-pins. The adherend material surrounding the z-pin is severely damaged. 
 
 
 
 
Figure 74. Fatigue-induced shear rupture of a z-pin at the fracture surface to a lap joint specimen reinforced 
with the intermediate volume content of thin pins. 
 
Only the lap joint reinforced with a z-pin content of 4% did not experience fatigue-induced 
failure by delamination cracking. Instead, failure of this joint occurred, as under monotonic 
loading, by tensile rupture of the laminate adherend.  Excessive fibre distortion due to the 
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high density of pinning is inferred to have reduced the fatigue life of the laminate below the 
endurance limit of the bonded region. 
 
6.3.2.2 Effect of Pin Diameter 
Figure 75 shows the influence of pin diameter on the tensile fatigue life of the lap joint. Both 
pinned joints had a pin density of 2%. A large improvement (approximately 40%) occurs in 
the fatigue strength (stress to 106 cycle lifetime) for both pin sizes, with no significant 
difference for small or large diameter pins. The fatigue data suggest that the slightly higher 
static tensile strength recorded for the smaller pin size (see Table 7) may have been a 
statistical fluctuation. 
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Figure 75. Effect of z-pin size on the tensile fatigue life of the lap joint. The pinned joints were reinforced 
with 2 vol% z-pins. The curves for the z-pinned joints show the predicted fatigue life. 
 
Despite the nearness of the fatigue strengths of the joints with thin or thick pins, some 
differences in the fatigue failure modes were observed. As mentioned, the joint reinforced 
with the thin pins failed by either tensile rupture of the adherend or partial pull-out and 
transverse fracture of the pins following bond-line cracking.  The competition between the 
two mechanisms suggests that the fatigue strength of the bridging pins and adherend are 
identical at this size (0.28 mm diameter) and volume content (2%) of pins. In contrast, the 
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joint with the thick pins failed by pull-out and fracture of the z-pins bridging the bond-line. 
Tensile rupture of the adherend did not occur in this joint under cyclic loading, even though it 
was the failure mode under monotonic loading.  
 
6.3.3 Trends in the Mechanism of Ultimate Failure* 
In this section, the trends expected in the failure mode of a pinned joint with varying pin 
density and diameter are explored using a combination of empirical laws from prior data and 
a recent model of the micromechanics of pin deformation and pull-out. Only qualitative 
predications of trends are offered. Quantitative predictions would require evaluation of 
certain model parameters by independent tests, which has not been done. 
 
6.3.3.1 The Mechanics of Pin Deformation and Pull-out 
The deformation of fibrous pins or stitches bridging delamination cracks has been the subject 
of experiments [45, 67, 71] and theoretical study [37, 43, 71, 72]. It is not quite well 
understood for monotonic loading. A simple model based on reported mechanisms of 
deformation has been shown to reproduce the main experimental results correctly, when 
reasonable values are assigned to unknown parameters. Under mixed-mode loading, the pins 
exhibit several mechanisms: (i) debonding from the laminate and axial sliding against an 
interfacial friction traction, τ  ; (ii) lateral deflection into the laminate (when mode II 
displacement is present) against a nearly uniform resisting force,  nP , per unit length of the 
deflected segment of the pin, which arises from irreversible deformation of the laminate; (iii) 
enhancement of interfacial friction (snubbing effect) by a factor eη  where lateral deflection 
has occurred; (iv) stable pull-out up to a critical load, which, as a result of snubbing, can be 
substantially higher in mixed mode conditions than the load required for pull-out in mode I; 
and (v) ultimate failure by either unstable pull-out or shear failure of the pin, the latter 
possibly occurring prior to the end of the stable pull-out phase, but not after it, since the load 
is then decreasing. 
 
                                                 
* The analysis presented in this section is the work of Dr B.N. Cox  using my research findings. I have published 
this analysis jointly with Dr Cox and Prof Mouritz. 
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Figure 76. Schematic of the deformation of a rod embedded in a half-space due to tractions, T, acting on its 
free end. From Cox [37]. 
 
The model of Cox [37], which accounts for all of these mechanisms, leads to a relationship 
between the vector displacement, u , of the end of a pin embedded in a half-space and the 
average traction, T , acting across the end of the pin (Figure 76).   The quantity 2u  is 
equivalent to the delamination crack displacement in a fracture problem.  The quantity 
p cT= , where c  is the area density of the pins, is equivalent to a smeared or spatially 
averaged bridging traction, which opposes the crack displacement. Results will be quoted 
here from Cox [37] and the earlier work of Cox and Sridhar [38].  To apply these results to 
the lap joint problem, the shear stress across the joint region will be treated as uniform. This 
approximation is rough while a delamination crack is still propagating, but becomes quite 
accurate when the crack is complete and load is transferred by the pins alone. The adherends 
sustain elastic displacements that are an order of magnitude smaller than the pin 
displacements when the pins approach rupture or pull out. Therefore the pins must displace 
approximately uniformly when ultimate is approached and therefore provide approximately 
uniform shear tractions, p . For purely mode II cases, the component, 1p , of p  in the loading 
direction will equal the average shear stress, τa, in the adherends, which can be related to the 
applied stress, aσ . A simple shear lag estimate shows that: 
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 a a
L
t
σ τ=  (6) 
 
where L is the length of the joint region and t is the thickness of one adherend. 
 
Except where noted, results from Cox and Sridhar [38] and Cox [37] will be quoted for the 
case of mode II loading of a pin that is initially oriented perpendicular to the delamination 
fracture plane. This idealisation simplifies qualitative understanding of the experimental 
observations and is not far from the conditions of the present lap joint tests. 
 
A feature of the model for an initially normal pin is that the mode I displacement of the pin at 
the fracture plane is dominated b axial sliding of the pin; but its mode II displacement is 
dominated, at least initially, by irreversible deformation of the pin and the surrounding 
laminate. Since the irreversible deformation is associated with rotation of the pin at the 
fracture plane, which can become quite large, axial sliding of the pin will also come to 
contribute to its mode II displacement, but only following rotation. Thus plastic or 
irreversible deformation, including shear deformation of the pin and the surrounding 
laminate, is critical to the mixed mode constitutive behaviour. Mode II displacements while 
the laminate remains purely elastic are negligible, being much smaller even than the small 
displacements typical of the first delamination crack growth (crack lengths ~ 5 mm); and 
models that treat the system as entirely elastic cannot correctly account for experimental 
observations [72]. 
 
6.3.3.2 Stress for delamination crack growth 
Mode II debond crack growth in laminates reinforced by fibrous pins or stitches is associated 
with low to intermediate values of the crack displacement, 1u  (typically < 0.1 mm)  
[18, 73, 74]. For small 1u , the maximum rotation, 0θ , of the pin (which occurs at the fracture 
plane) is small, and the results of the model of Cox and Sridhar [38] and Cox [37] may be 
expanded usefully in power series in 0θ . The series approximations yield simple expressions 
for the shear bridging traction, 1p , for initially normal pins (see text surrounding Eq. (27) in 
Cox and Sridhar [38] for details): 
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where s and A are the circumference and cross-sectional area of a pin, and E is its axial 
Young’s modulus. For a crack growing in a delaminating body subject to such an increasing 
or hardening law and uniform applied shear stress, a condition of steady-state propagation  
can be reached: the crack will propagate at an asymptotically constant critical value, ACKτ , of 
the load, aτ , when its length is large enough [68]. From Eq. [(6)] and expressions in Massabò 
and Cox [68]: 
 
 5/ 9 4 /9ACK
9
2 IIc
Gτ β=  or 5/9 4 /9ACK c Rτ −∝  (8) 
 
where R is the radius of the pin and IIcG  is the critical energy release rate of the delamination 
crack in the absence of pin bridging (the intrinsic delamination toughness of the resin). 
 
If the shear stresses in the adherends of the lap joint are uniform during debond crack growth, 
then a ACKτ τ=  can be used as a guide to the resistance of the joint to debonding (i.e. crack 
propagation without pin failure or pull-out). That is, while ACKτ  cannot completely describe 
crack propagation in the lap joint (the critical stress will in fact depend on crack length), 
variations of ACKτ  with pin diameter and density should reflect expected variations of the 
actual propagation stress.  For fixed R, ACKτ  rises with c; for fixed c, it rises with decreasing 
R (i.e. fine pins are more efficient crack stoppers). 
 
6.3.3.3 Stress for unstable pin pull-out 
The model for Cox [37] provides as estimate of the displacement and tractions, u and T, at the 
point at which the pins become unstable (i.e. beyond which the load decreases to complete 
pull-out) in the purely mode II case. The corresponding value, pτ , of aτ  for the joint follows 
from a 1cTτ = . The critical shear stress shows the following approximate proportionalities 
(Eq. [36] in Cox [37]): 
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where l is the half length of the pin, μ is the coefficient of friction at the pin/laminate 
interface (order unity), and τ  is the initial (unenhanced) value of the friction stress. From 
Cox [37], n 2 hP Rσ≈ , where hσ is the (nearly hydrostatic) compression in the laminate ahead 
of the deflecting pin. Limited data suggest that hσ , τ , and μ  are material constants for a 
given laminate [37]. Therefore nP sτ  is neutral under changes in R; and pτ  rises linearly with 
the pin density, c, and falls linearly with the pin diameter. 
 
6.3.3.4 Stress for shear rupture of pins 
In the absence of contradicting data, the shear strength of a pin will be assumed to be a 
material property, independent of the pin diameter. Thus the critical applied shear stress 
(averaged over the joint) for pin rupture, rτ , is given by 
 
 r rcτ γ=  (10) 
 
where rγ  is a constant. 
 
 
6.3.3.5 Critical stress for tensile adherend failure 
Empirical evidence shows that the strength of an unnotched composite panel falls 
approximately linearly with increasing pin density and linearly with increasing pin diameter 
[2, 75].  The critical applied shear stress, tτ , at which tensile adherend failure will occur, 
usually at an extremity of the joint, may therefore be written (using Eq. (6) together with Eq. 
(1): 
 
 ( )t t 1 cDτ γ α= −  (11) 
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where tγ  and α  are constants.  From Chapter 3, a reasonable estimate of α  for the present 
0/90° woven laminates is 7α    mm-1. 
 
 
Figure 77. Trends in the critical applied shear stress for various failure events in a pinned lap joint. 
 
6.3.3.6 Trends in the Failure Sequence 
Figure 77 presents a schematic of the trends in the critical applied shear stress for adherend 
failure, the ACK stress (representative of delamination crack propagation), pin pull-out, and 
pin shear rupture, based on Eqs. (8) – (11). Each curve shows a variation with pin density or 
area fraction, c ; while trends expected for a doubling of pin diameter are indicated by a curve 
separated from the original by a curved arrow labelled “D”. The heavy curves refer to pin 
diameter 0.28 mm; the light curves to pin diameter 0.51 mm. Also shown in the figure are 
three dots representing the applied shear stress for debond crack initiation, initτ , that was 
measured experimentally for each pin density.  While all scales in the figure are arbitrary, the 
ordering of the initiation stresses is as observed Table 7. 
 
The expected failure sequence for any pin density can be deduced by the ordering of the 
curves, the stress for debond initiation at that pin density, and the rule that neither pin shear 
rupture nor pin pull-out can precede complete propagation of the debond crack across the 
joint. The critical stress for complete debond propagation will be identified with ACKτ . 
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At pin density 0.5% and pin diameter 0.28 mm, the debond initiation stress (full dot in figure) 
lies below ACKτ , implying that debond crack initiation will be followed by stable crack 
propagation across the joint. Once this has happened, pin shear rupture will occur 
immediately and catastrophically, since the critical stress for pull-out is lower than ACKτ . Pin 
rupture will precede pin pull-out, which has a higher critical stress. Adherend failure will not 
occur at this pin density. 
 
At pin density 2% and pin diameter 0.28 mm, debond initiation will again be the first failure 
even, with crack arrest likely because ACKτ  is relatively high. In fact ACKτ  also now exceeds 
the stress for adherend failure, tτ . Therefore adherend failure will occur before complete 
debond propagation across the joint and therefore before pin rupture or pull-out. At pin 
density 4% and pin diameter 0.28 mm, the failure sequence will be as just described for pin 
density 2%. 
 
When the pin diameter is increased to 0.51 mm, the sequences of failure events at different 
pin densities change, as follows. At pin density 0.5%, the debond initiation stress is now 
above ACKτ .  Therefore, debond crack propagation, still the first failure event, will be 
unstable. The stress for pin pull-out has also decreased, to be now lower than that for pin 
rupture. Therefore, ultimate failure will be by pin pull-out, which will occur catastrophically 
after complete debond crack initiation, since pτ  < initτ . 
 
At pin density 2% and pin diameter 0.51 mm, debond initiation is the first failure event and 
ACKτ  is a higher stress, so that debond crack propagation is stable. However, ACKτ  is lower 
than the stress for adherend failure, tτ , and therefore, unlike the case for pin diameter 0.28 
mm, debond propagation will proceed to completion, after which pin pull-out is expected to 
occur catastrophically, since pτ  < ACKτ  and pτ  < rτ . 
 
At pin density 4% and pin diameter 0.51 mm, the failure sequence will be as for pin diameter 
0.28 mm: debond initiation will be the first failure event, but since ACKτ  exceeds tτ , adherend 
failure will occur before complete debond propagation across the joint. 
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The curves in Figure 77 have in fact been scaled so that the observed failure sequences (Table 
8) are reproduced in every case. The ordering of the failure events could change if the curves 
were re-scaled; and the scaling of each set of curves for a given mechanism is arbitrary in the 
absence of independent measurements of essential model parameters, including τ , nP , eη , 
and the shear rupture strength of the pins. Nevertheless, the trends in the observed failure 
mechanisms as the pin density and diameter are changed lie in directions that can be made 
consistent with by Eqs. (8) - (11); and therefore the transitions are qualitatively accounted for, 
if not quantitatively. 
 
6.3.3.7 Role of the pin orientation 
The fact that pins in the joints are offset from the orthogonal direction by an angle φ  (defined 
in Figure 76) can also affect which failure mechanism prevails. Where the offset is oriented 
so that the shear displacement of the joint tends to increase the offset (loading “with the nap” 
in the jargon of Cox and Sridhar [38] and Cox [37]), pull-out of the pin becomes unstable at a 
lower shear traction, 1T , so that pτ  will be diminished. Where the offset is in the opposing 
orientation (loading “against the nap”), pτ  rises and shear rupture is favoured. This effect can 
be very strong when 45±≈φ ° [18, 37, 67]. For the present lap joints, φ   was only 10 – 20° 
and no consistent effects were observed in either failure mechanisms or strengths. 
 
6.3.3.8 Role of the ply lay-up  
When unidirectional laminates are pinned, substantial resin pockets tend to form around each 
pin, which are not seen or are relatively small when quasi-isotropic or cross-plied lay-ups are 
pinned. The resin pockets are lenticular in shape and aligned with the fibre direction.  
 
Therefore, if the shear load axis is aligned with the fibres, the pins will deflect into the resin 
pocket, whereas in a cross-plied laminate, they will deflect into material that is richly 
reinforced by in-plane fibres. The resistance of the laminate to lateral pin deflection, Pn, will 
therefore be less for a  pinned unidirectional laminate, under aligned loads, than for a pinned 
cross-plied laminate. The difference has not been measured, but a substantial factor, e.g., two, 
seems reasonable. 
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Equations (7) and (8) show that the resulting change in ACKτ  will remain modest, since 
( )1/9ACK nPτ ∝  . Equation (9) predicts a much greater change in pτ , with ( )1/ 2p nPτ ∝ . Other 
failure mechanisms are predicted to be weakly affected. Thus pin pull-out will tend to be 
more prevalent in pinned unidirectional laminates under aligned shear loading than in pinned 
cross-plied laminates.  
 
6.3.3.9 Modelling the Fatigue Life 
The linear S-logN data for the unpinned and pinned joints presented in Figure 72 and Figure 
75 can be fitted quite well by Basquin’s law:: 
 
 max 0 lnS S m N= +  (12) 
 
where maxS  is the peak fatigue stress acting on the pinned joint, N  is the number of load 
cycles to failure, and 0S  and m  are fitted constants ( 0S  being the static strength). The values 
of m  found by linear regression analysis are listed in Table 10. The expected errors in m  are 
large because of the relatively small amount of data for each joint type. A tendency exists for 
m  to be lower for the pinned joints, indicating that their tensile fatigue strength is less 
sensitive to cyclic degradation than the unpinned specimen. However, because of the large 
statistical uncertainty, the values of m  for either the small pins at the two lower area 
fractions, 0.5%, 2.0%, or the large pins are not clearly different from its value for the 
unpinned joint. All of these joints failed in the bond-line, except for a few of the specimens 
with 2.0% small pins.  In contrast, when failure occurred in the laminate adherend (i.e., small 
pins at 4% area fraction), m  takes a statistically significant lower value for the pinned joint.  
This suggests that the fatigue strength of the adherend is less sensitive to cyclic degradation 
than the pins bridging the bond-line. 
 
Table 10. Slopes of S-N curves. 
Pin diameter (mm) Pin Content m (MPa) Failure mechanism 
No pins 
0.28 
0.28 
0.28 
0.51 
0 
0.5% 
2.0% 
4.0% 
2.0% 
-0.52 ± 0.07 
-0.25 ± 0.12 
-0.40 ± 0.10 
-0.12 ± 0.19 
-0.34 ± 0.15 
Bond-line crack 
Bond-line crack and pin shear 
Bond-line crack and pin shear  or adherend rupture 
adherend rupture 
Bond-line crack and pin shear 
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Mouritz and Cox [76] showed that the tensile fatigue life of flat stitched laminate coupons are 
well fitted by the modified Basquin’s law: 
 
 ( )max 0 0
0
logSS S m N
S
= +%  (13) 
 
where 0m  is the slope of the logS N−  curves for the unstitched material.  The term, 0/S S% , 
represents the knock-down (<1) or knock-up (>1) factor in static strength due to the stitching. 
This equation was found to accurately predict the logS N−  curves of stitched laminates 
provided they had a value of 0m  similar to that of the unstitched material.  The advantage of 
equation (13) is that the fatigue life of a stitched laminate can be estimated using three 
empirically determined constants: the ultimate strengths of the stitched and unstitched 
materials and the m  value of the unstitched material.  If fatigue life data are available for 
unstitched material, only the static strength of the stitched material needs be measured to 
estimate its logS N−  curve, eliminating the need for time-consuming and expensive fatigue 
tests, at least for initial design studies.  However, this empirical result is probably only valid 
when the fatigue failure mechanisms of the stitched and unstitched laminates are similar.  If 
they are dissimilar, the value of m  is likely to be affected and the correlation would become 
poor.  
 
Figure 78 shows the quality of the empirical correlation of equation (13) when applied to the 
present tensile fatigue data for pinned joints. The logS N−  curves in Figure 78 were 
calculated with equation (13) using the 0m  value for the unpinned specimen (-0.52) and the 
static strength values given in Table 7 and Table 8.  The fit to the experimental fatigue data 
shows sufficient accuracy for initial engineering design estimates for the joints with thin pins 
at area fractions of 0.5% or 2.0% and with thick pins.  The correlation is probably good 
because the dominant fatigue failure mode in both the unpinned and pinned specimens (with 
the exception of a few samples with 2.0% thin pins) was bond-line cracking.  In contrast, the 
fit is poor for the joint with 4.0% pins, which failed by different mechanisms under fatigue 
and cyclic loading. 
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Figure 78. Calculated S-logN curves. 
 
Since the goodness of fit of equation (13) depends on consistency in the failure mechanisms, 
caution is due if it is to be used for initial fatigue design of the pinned case without fatigue 
data for the pinned case.  However, in the case of pinned joints, the transition that is observed 
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for high pin area fractions results in a lower value of m  than for the unpinned joint.  
Therefore, using equation (13) in conjunction with logS N−  data for the unpinned joint and 
the static strength for the pinned joint will provide conservative estimates of the fatigue life of 
the pinned joint. 
 
6.4 Conclusions 
Through-thickness reinforcement of co-cured lap joints using z-pins is an effective method 
for improving the ultimate tensile strength, elongation limit, and fatigue life. For the 
processing methods and laminates used for the lap joints in this study, z-pinning increased the 
static strength by up to 40%, the elongation-to-failure by up to 55%, and the fatigue strength 
(at 106 cycles) by up to 40%. 
 
The tensile properties and failure mechanisms are controlled by the volume content and 
diameter of z-pins. Pins inhibit delamination crack growth at the adhesive bond-line and 
transfer loads even after bond-line cracking. The sequence of failure mechanisms that lead to 
ultimate failure for the joint undergoes a series of transitions with increasing z-pin content.  
Unstable delamination propagation occurring in the absence of pins is replaced by stable 
crack growth followed by shear rupture of the pins at a low pin content (0.5%). At 
intermediate (2%) and high (4%) pin contents, delamination cracks arrested and failure 
mechanisms were also affected by the z-pin diameter. For a fixed volume content of z-pins, 
the static tensile strength was marginally higher when the joint was reinforced with smaller 
pins (0.28 mm) than with larger pins (0.51 mm).  Furthermore, the ultimate failure 
mechanism was changed from rupture of the laminate adherend in the joint reinforced with 
the thinner pins to delamination cracking in the joint containing the thicker pins, which 
ultimately failed by pull-out and/or transverse rupture of the pins. 
 
Prior models of delamination crack propagation and the micro-mechanisms of pin 
deformation can account qualitatively for the observed changes in failure sequences as the pin 
diameter and content are varied.  While pinning inhibits delamination of the bond-line and 
can defer ultimate failure following bond-line cracking, it also tends to weaken the adherends, 
due to damage to the in-plane fibres.  Therefore, the maximum benefit for static loading in the 
present study was found for the intermediate pin density of 2%. 
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Chapter 7  
 
Elevated Temperature Properties of Z-
Pinned Single Lap Joints 
 
 
 
 
 
 
ABSTRACT 
The improvement to the elevated temperature mechanical properties of composite lap joints 
by through-thickness reinforcement with z-pins is investigated. Tensile tests were performed 
at temperatures between 25ºC and 250ºC on single lap joints made of carbon/epoxy 
composite that were reinforced with z-pins. The tensile properties of the unpinned and z-
pinned lap joints decreased with increasing temperature due to visco-elastic softening, 
however the z-pins provided superior elevated temperature properties. Transitions in the 
strengthening mechanism and failure mode of the z-pinned lap joint occurred with increasing 
temperature. At room temperature the z-pins suppressed failure of the polymer bond-line, and 
instead the joint failed in the laminate adherend. At elevated temperature the failure 
mechanism changed to cracking of the softened bond-line followed by debonding and pull-
out of the z-pins. This study demonstrates that z-pins can improve the tensile strength and 
failure limit of composite lap joints at elevated temperature by as much as 50%. 
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7.1 Introduction 
Heat-resistant polymer composite materials are being used increasingly in aircraft structures 
required to operate at temperatures in the vicinity of 150-200°C. These applications include 
the leading edges on supersonic aircraft and fuselage panels near the exhaust ducts to gas 
turbine engines. A challenge with using composites at high-temperature is the retention of 
stiffness, strength and fatigue endurance. The mechanical properties of composites are 
severely degraded when heated to about the heat distortion and glass transition temperatures 
of the organic matrix, which for many polymer systems is between 100 and 160°C. The 
failure strength of bonded composite joints is also reduced at elevated temperature due to the 
visco-plastic softening of the polymer at the bond-line. This problem has restricted the use of 
composite joints in high-temperature structures, although several techniques can be used to 
maintain adequate strength in hot environments. The most common techniques are using a 
high-temperature adhesive at the joint bond-line and/or reinforcing the bonded region with 
heat resistant metallic fasteners (e.g. bolts, screws, rivets). 
 
Z-pinning has the potential to strengthen joints at high temperature and have proven a 
remarkably effective technique for increasing the mechanical properties of joints at room 
temperature [2, 10, 45]. The pins increase the ultimate failure strength of joints by 
transferring the applied load across the adherends by crack bridging.  This process can 
involve several strain energy absorption mechanisms, including inelastic deformation, pull-
out and/or fracture of the pins together with irreversible deformation and fracture of the 
composite materials surrounding the pins. These processes may increase the energy 
absorption of a single lap joint by 100 times over a simple adhesive joint, resulting in a large 
improvement in strength [45].   In certain cases the pins can suppress bond-line failure of 
joints that results in fracture to the composite adherend, which also promotes joint 
strengthening (Chapter 6).  However, strengthening of joints by pinning has only been proven 
at room temperature, and the use of pins to enhance the elevated temperature properties has 
not been determined.  It is hypothesized that pinning will provide superior elevated 
temperature properties to bonded joints because the strengthening mechanisms are controlled 
by the mechanics of deformation, pull-out and fracture of the pins, which (for certain pin 
types) are expected to be less sensitive to temperature than the mechanical properties of the 
polymer bond-line to a joint.   
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The use of pinning to retain the mechanical properties of composite lap joints at elevated 
temperature is evaluated in this chapter.  The properties of pinned carbon/epoxy single lap 
joints were determined between room temperature and 250°C, which is the typical operating 
range for many heat-resistant aircraft composite structures.  The effects of the volume content 
and diameter of the pins on the mechanical properties, strengthening mechanisms and failure 
modes were investigated to determine the pinning conditions that provide the most beneficial 
elevated temperature properties for composite lap joints.   
 
7.2 Materials & Experimental Techniques 
Single lap joints were made using a 5 harness satin weave carbon/epoxy prepreg 3.  The 
prepreg is specially developed by Hexcel Composites for high-temperature resistant primary 
aircraft structures, and has a glass transition temperature (Tg) of 190°C.  The prepreg was laid 
up with the warp (0°) fibres aligned along the joint length, which is also the direction of 
tensile loading.  The prepreg stack was debulked by vacuum bagging, and then the overlap 
region to the joint was pinned using carbon/bismaleimide Z-fiber®  4.    
 
The pinning process used to insert the Z-fiber® through the overlap region in a manner 
described in subsection 6.2.1. Joint specimens were reinforced with thin (0.28 mm diameter) 
T300/BMI pins to volume contents of 0.5%, 2% and 4%, which are referred to as the low, 
intermediate and high pin contents, respectively.  Specimens were also made using thick 
(0.51 mm diameter) T650/BMI pins at the intermediate content (2%).  The overlap region of 
the joint was pinned while the laminate adherend was not pinned, as shown in Figure 79.  
Joints without pins were manufactured as control specimens.  The joints were cured in an 
autoclave at an overpressure of 550 kPa and temperature of 115°C for one hour and then at 
690 kPa and 180°C for one hour.  The adherends to the joint were bonded in the autoclave by 
co-curing.  An adhesive film was not used between the adherends to promote a stronger bond.  
 
                                                 
3 HexPly® 914 supplied by Hexcel Composites 
4 Supplied by Aztex Inc., Waltham USA. 
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Figure 79. Dimensions of lap joint specimens. The arrows indicate the loading direction. 
 
The thickness values of the bonded region to the cured joints are given in Table 11.  The 
thickness increased with pin content, and wa s caused by swelling of the composite to 
accommodate the pins.  However, the percentage increase in thickness was slightly greater 
than the volume percentage of pins.  It is believed that during curing inside the autoclave the 
rigid pins resist the compaction pressure exerted on the joint.  The resistance against 
compaction will increase with the pin content, and this contributes to increased thickness.  
The variation in thickness between the joint specimens was not expected to significantly 
affect the mechanical properties measured under tensile loading, which is controlled by the 
shear stress generated along the bond-line between the adherends.   
 
Table 11. Thickness of joint overlap. 
Z-Pin Volume Content 
(%) 
Z-Pin Diameter 
(mm) 
Thickness 
(mm) 
Percentage Increase 
in Thickness (%) 
0 
0.5 
2.0 
4.0 
2.0 
0 
0.28 
0.28 
0.28 
0.51 
3.77 ± 0.09 
3.86 ± 0.11 
3.91 ± 0.15 
3.95 ± 0.06 
3.90 ± 0.05 
- 
2.4 
3.7 
4.8 
3.4 
 
A problem with the z-pinning process is the difficulty in aligning the pins in the orthogonal 
direction through the joint.  The average misalignment angles for the thin and thick pins 
measured in a carbon/epoxy laminate were found to be 13.8 ± 4.2° and 23.4 ± 4.5°, 
respectively.  It was  found that the cutting of the pins after the pinning process as well as the 
pressure exerted on the pins during curing are the main reasons for the misalignment (Section 
3.3.2).  Depending on the cutting direction and the curing process, all the pins within a joint 
specimen were either orientated with or against the nap, as shown schematically in Figure 80.          
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(a) 
 
(b) 
Figure 80. Schematic of lap joint specimens with the pin inclined (a) towards and (b) against the nap. 
 
The strength and elongation limit of the lap joints was determined under axial tensile loading 
at a crosshead speed of 1 mm/min.  Under tensile loading, a shear stress is generated at the 
bond-line between the two adherends.  The tests were performed in a hot box attached to an 
Instron machine at temperatures between 23 and 250°C.  
 
7.3 Results and Discussions 
7.3.1 Effect of Pin Content on Elevated Temperature Properties 
7.3.1.1 Mechanical Properties of Pinned Joints 
Shear stress-displacement curves for pinned and unpinned joints at various temperatures 
between 23°C and 250°C are presented in Figure 81.  The curves for the unpinned joint show 
a large loss in stiffness and strength at elevated temperature due to visco-elastic softening of 
the polymer bond-line.  At temperatures up to 200°C the curves for the unpinned joint are 
linear up to the ultimate failure stress, at which point the stress drops suddenly due to 
complete rupture of the bond-line by unstable (rapid) delamination crack growth.  At the 
highest test temperature of 250°C the curve becomes non-linear near the failure stress due to 
plastic yielding of the soften polymer at the bond-line, although again failure occurred 
suddenly by rapid crack growth along the bond-line.   
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(b) 
Figure 81. Shear stress-displacement curves at different test temperatures for (a) unpinned and (b) pinned 
joints. 
 
The curves for the pinned joints presented in Figure 81 are for specimens reinforced with 2% 
thin pins inclined with the nap.  Curves with similar profiles to these were measured for the 
joints with the low (0.5%) and high (4.0%) pin contents when tested at the same 
temperatures.  It is shown in Figure 81 that the presence of pins changed the shear stress-
displacement response of the joint.  At room temperature, the curve increased at a linear rate 
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up to ~11 MPa at which stress a slight, transient drop in the load-capacity of the joint was 
recorded.  This load drop did not occur with the unpinned joint, although the pinned specimen 
quickly recovered and was able to withstand further loading.  The pinned joint eventually 
failed at a higher stress and extension limit than the unpinned joint tested at room 
temperature.  The curve for the pinned joint measured at 150°C shows a continuous linear 
increase until failure, and the transient load drop measured at 23°C did not occur at this 
higher temperature.  Raising the temperature from 23°C to 150°C reduced the peak failure 
stress but increased the elongation limit of the pinned joint.   
 
The profile of the stress-displacement curves for the pinned joint changed dramatically at 
temperatures above 150°C.  Extending the joint beyond the peak stress caused a large drop in 
load-capacity, but complete failure did not occur.  Above 150°C it was possible to extend the 
pinned joint a considerable length beyond the peak stress, with the load-capacity decreasing 
gradually as the joint was elongated until complete failure occurred at about 3.5 mm.  The 
change in the profile of the stress-displacement curves above 150°C, and the corresponding 
change in the strengthening mechanisms and failure mode of the pinned joints above this 
temperature (as described below) is used to define to temperature regimes: the low-
temperature (<150°C) and high-temperature (>150°C) regimes. 
 
The stress-displacement curves for the pinned joints in the low-temperature regime were the 
same when the pins were inclined with or against the nap.  However, the pin orientation 
altered the curves in the high-temperature regime.  For example, Figure 82 compares the 
stress-displacement response of a joint tested at 200°C with the pins inclined towards and 
against the nap.  Both curves increase at the same rate until an inflection occurs at ~0.8 MPa, 
which corresponds to the initiation of delamination cracking along the joint bond-line. 
Beyond this stress, the curve for the joint with the pins inclined towards the nap increases at a 
faster rate, suggesting that when the pins are inclined at this orientation they provide higher 
stiffness than when inclined against the nap.  The maximum failure stress was not affected 
significantly by the pin orientation, however the magnitude of the load drop was reduced and 
the elongation-to-failure was increased when the pins were orientated against the nap.        
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Figure 82. Comparison of the shear stress-displacement curves for a pinned joint tested in the high-
temperature regime. 
 
The effect of temperature on the maximum shear strength of the unpinned joint and the joints 
reinforced with thin pins is shown in Figure 83.  The photographs embedded in the figure 
show the failure mode of the pinned joints in the low and high temperature regimes.  The 
strength of the joints was unchanged until the temperature exceeded about 110°C, when the 
strength dropped rapidly with increasing temperature.  The joints began to lose strength at a 
much lower temperature than the glass transition temperature of the epoxy resin in the joint 
(Tg = 190°C), although softening of polymers often occurs well below the Tg. An 
improvement in the strength of 10% to 20% was achieved over the range of test temperatures 
when the joint was reinforced with the lowest pin content.  However, there is appreciable 
scatter in the strength values, and therefore it would appear that only a modest improvement 
in the failure stress was achieved at this pin content.  The joint strength was greatly improved 
with the intermediate pin content.  The average strength over the entire temperature range was 
increased by ~60%.  The highest pin content was also effective at improving the strength at 
all test temperatures.  However, the strength of the heavily pinned joint was slightly lower 
than the joint with the intermediate pin content.  This reveals that increasing the volume 
content of pins does not necessarily result in a corresponding rise in the joint strength, and the 
optimum content for the thin fibrous pins is about 2%.     
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Figure 83. Effect of temperature on the shear strength of the unpinned joint and the joint reinforced with the 
(a) lowest, (b) intermediate and (c) highest content of thin pins.  
 
 
Figure 84 shows the effect of temperature on the elongation-to-failure limit of the joints, and 
it is seen that the curves show different trends in the low- and high-temperature regimes.  The 
elongation limit of all the joints increased rapidly with temperature in the low-temperature 
region, and reached a maximum at 150°C.  The increase is attributed to visco-elastic 
softening of the polymer that increases the ductility of the joint.  The elongation limit of the 
unpinned joint dropped steady with increasing temperature in the high-temperature regime, 
whereas the limit values for the pinned joints remained high.  This reveals that pinning 
improves the ductility and damage tolerance at elevated temperature. 
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(c) 
Figure 84. Effect of temperature on the elongation-to-failure limit of the unpinned joint and the joint 
reinforced with the (a) lowest, (b) intermediate and (c) highest content of thin pins.  
 
7.3.1.2 Strengthening Mechanics & Failure Mechanisms of Pinned 
Joints 
Low-Temperature Regime: Joint with Low Pin Content 
Over the range of test temperatures, the unpinned joint failed along the polymer bond-line by 
unstable (rapid) delamination cracking that caused the adherends to separate.  The 
strengthening mechanisms and failure mode of the pinned joints was dependent on 
temperature, with different processes occurring in the low and high-temperature regimes as 
shown in Figure 83.   
 
In the low-temperature regime, the joint with the lowest pin content failed by delamination 
cracking and shear-induced rupture of the pins at the bond-line.  A series of fracture events 
occurred that led to complete failure of the lightly pinned, and the sequence is shown in 
Figure 85.  Failure in the low-temperature regime started with the initiation of delamination 
cracks at both ends of the bonded region.  The delaminations grew a short distance (2-5 mm) 
into the bonded region, which is equivalent to 1 or 2 rows of pins, before being arrested by 
the bridging tractions applied across the crack wake by the pins.  The initial grow and arrest 
of these cracks is responsible for the small transient load drop in the stress-displacement 
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curve at room temperature.  The growth of these delaminations restarted when the applied 
stress was increased above the small load drop, and stable crack growth occurred along the 
bond-line due to the bridging action of the pins.  The transfer of the applied load between the 
adherends by the pins is responsible for the improvement in the strength of the lightly pinned 
joint in the low-temperature regime.   
 
 
 
Figure 85. Schematic showing the series of fracture events leading to complete failure of a joint reinforced 
with a low content (0.5%) of pins in the low-temperature regime.  
 
 
When the applied load reached the peak failure stress the delaminations propagated rapidly 
along the remaining region of the bond-line, and this caused complete failure of the joint.  At 
the failure stress the pins broke in transverse shear along the bond-line.  A broken pin at the 
fractured surface to a joint tested at a temperature below 150°C is shown in Figure 86.  
Damage to the pinned joint was also found in the region immediately below the bond-line.  
Figure 87 shows a cross-sectional view of the broken bond-line, and the composite material 
surrounding the pin was heavily cracked.  This damage was caused by the lateral deflection of 
the pin into the composite when under load, and this is expected to absorb a significant 
amount of strain energy that contributed to the strengthening of the lightly pinned joint.   
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Figure 86. Fracture surface of a joint reinforced with a low content (0.5%) of pins tested in the low-
temperature regime. The pin at the surface failed by shear-induced transverse rupture. 
 
 
Figure 87. Photograph of the bond-line region to a joint showing sub-surface cracking of the adherend in the 
vicinity of the pin. 
 
Low-Temperature Regime: Joint with Intermediate & High Pin Contents 
The joints reinforced with the intermediate and high pin contents displayed the same 
strengthening mechanisms and failure mode in the low-temperature regime.  The pins 
suppressed large-scale delamination cracking of the bond-line, and instead the adherend 
failed inside the pinned region.  This transition in the failure mechanism from the bond-line to 
the adherend is responsible for the higher strength of the joints with the intermediate and high 
pins contents.  Figure 83 shows that in the low-temperature regime the strength of the heavily 
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pinned joint was slightly lower than the joint with the intermediate pin content.  Tensile 
studies by Chang et al. [*] and others [*] have shown that the strength of carbon/epoxy 
laminates decreases with increasing pin content due to distortion, crimping and fracture of the 
fibres by the pins.  In addition, a reduction in the fibre volume content due to greater swelling 
of the laminate occurs with increasing pin content.  The greater damage and dilution of fibres 
with higher pin contents lowers the tensile strength of the laminate adherend, and this is the 
reason for the lower failure strength of the heavily pinned joint.    
 
High-Temperature Regime: Joint with Low, Intermediate & High Pin Contents 
A transition in the strengthening mechanism and failure mode of the pinned joints occurred 
when the temperature was raised above 150°C. In the high-temperature regime, the 
strengthening processes and fracture mode was the same for the joints with the low, 
intermediate and high pin contents.  Failure of the joints involved several fracture processes, 
which are shown schematically in Figure 88.  Failure commenced with stable delamination 
cracking of the bond-line.  The bond-line began to delaminate at a stress value similar to the 
ultimate failure stress of the unpinned joint.  The pins increased the strength of the joints by 
bridging the delaminated bond-line and thereby transferring the applied stress across the 
adherends.  Examination of the specimens during testing revealed that the pins debonded 
from the adherends and began to be pulled from the adherends at the peak failure stress.     
 
 
Figure 88. Schematic of the sequence of fracture events leading to complete failure of pinned joints in 
elevated temperature regime. 
 
The pin pull-out process was studied was measuring the sliding displacement and lateral 
separation between the faces to the adherends to the pinned joints at different test 
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temperatures (Figure 89).  The sliding displacement (Δu) gives a measure of the extent of in-
plane shear deformation to the bridging pins during pull-out whereas the lateral displacement 
(Δz) is a measure of the vertical pull-out distance.  Figure 90 shows measurements of the 
sliding displacement and lateral separation of the adherends to a pinned joint at 150, 180 and 
225oC. The joints contained 2% pins inclined against the nap, and results similar to these 
were measured with the low and high pin contents. Included in Figure 90 are the shear stress-
displacements curves for the joints, and the numbers refer to the different events in the 
fracture process shown in Figure 88.  The stress at which stable delamination cracking begin 
at the bond-line is indicated, and corresponds with an inflection in the curve.  The stress to 
initiate bond-line cracking drops with increasing temperature due to the reduced strength and 
toughness of the polymer.  A large drop in the load-capacity of the joints occurred when the 
adherends separated in the lateral direction at the start of the pin pull-out process.  At this 
point the adherends have not yet started to slide apart.  Figure 90 shows that the lateral 
separation between the adherends increased at a steady rate when the joints were extended 
beyond the peak stress, and this is indicative of a stable pin pull-out process.  When the joints 
were extended well beyond their maximum strength the pin pull-out rate increased rapidly 
when opposing crack faces to the adherends began to slide.  Figure 91 shows a pin bridging 
the delaminated bond-line of two sliding adherends, and the pin has delaminated and 
permanently deformed in shear.  Plastic shear deformation of the bridging pins is responsible 
for the high elongation-to-failure of the joints in the high-temperature regime (as shown in 
Figure 84). Shear deformation of the pins continued until they are pulled-out from the 
adherends, at which point the joint completely fails.  Figure 92 shows the fracture surface of a 
joint tested in the high-temperature regime, and all the pins have been completely pulled-out 
leaving holes in the opposing adherend.   
 
 
Δz Δu 
 
Figure 89. Schematic showing the sliding displacement (x-direction) and lateral displacement (y-direction) of 
the pins bridging the delaminated bond-line of a pinned joint in the high-temperature regime. 
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(c) 
Figure 90. Plots of applied stress, sliding displacement (Δx) and lateral displacement (Δy) against extension 
for pinned joints tested at (a) 150°C, (b) 180°C and (c) 225°C.  
 
 
Figure 91. Plastic shear deformation of a pin bridging the adherends to a joint tested in the high-temperature 
regime. 
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(a) 
 
 
(b) 
Figure 92. Fracture surfaces of a pinned joint tested in the high-temperature regime. (a) Pin pull-out and (b) 
cavities left in the adherend due to pin pull-out. 
 
 
7.3.2 Effect of Pin Diameter on Elevated Temperature Properties 
The effect of temperature on the maximum shear strength of the joint reinforced with thin 
(0.28 mm) or thick (0.51 mm) diameter pins is shown in Figure 93.  The two joints were 
reinforced with 2% pins, and both had substantially higher strengths than the unpinned joint 
over the entire range of test temperatures.  The thin pins provided higher strength than the 
thicker pins up to ~200°C, beyond which the strengths of both pinned joints were the same 
and only slightly higher than the unpinned joint.   
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Figure 93. Effect of temperature on the failure stress of the unpinned joint and the joints reinforced with thin 
and thick pins.  
 
As mentioned, within the low-temperature regime the high strength of the joint with the 2% 
thin pins was due to the pins suppressing delamination cracking along the bond-line, and this 
forced failure to occur in the laminate adherend.  The strengthening mechanism of this joint 
changed to crack bridging in the high-temperature regime, and failure occurred by pin pull-
out.  Examination of the joint reinforced with the thick pins during testing revealed that no 
transition in the failure mechanism occurred from the low- to high-temperature regimes.  At 
all temperatures, the joint failed by delamination of the bond-line followed by pin pull-out.  
The only obvious difference in the failure of joints with the thick pins tested in the low- and 
high-temperature regimes was the surface texture of the pulled-out pins.  Figure 94 shows the 
thick pins on the delaminated bond-line to the joint tested in the low-temperature regime, and 
surface spalling has occurred which is indicative a high frictional shearing of the pins against 
the adherend during pull-out. The severity of surface damage to the thick pins lessen with 
increasing temperature, and within the high-temperature regime the pins had a smooth surface 
appearance that indicates reduced friction resistance during pull-out.  The friction resistance 
reduced due to thermal softening of the adherend, and this would account for the loss in 
strength of the joint with the thick pins with increasing temperature.  
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Figure 94. Pull-out of the thick pins in the low-temperature regime caused friction-induced surface damage. 
 
7.4 Conclusions 
This study has proven that the tensile properties of carbon/epoxy lap joints at elevated 
temperature can be greatly improved by z-pinning. The reinforcement of the joint with a 
modest amount of z-pins (2%) increased the ultimate strength and elongation-to-failure limit 
by as much as 50% over the temperature range of 25 to 250°C. The properties between 25 
and 125°C were improved by the z-pins increasing the interlaminar shear strength between 
the adherends which suppressed bond-line fracture. This strengthening mechanism resulted in 
the z-pinned joint failing at high stress by tensile rupture of the adherend, which is the 
optimum failure mechanism. Above 125°C the properties were increased by debonding and 
pull-out of the z-pins that created a large-scale bridging zone which transferred the applied 
stress across the adherends. At high temperatures the joint eventually failed by pull-out and/or 
fracture of the z-pins. The preliminary research has shown that z-pinning is a highly effective 
technique for increasing mechanical properties of composite joints at elevated temperature. 
Further work is in progress to assess the effects of the volume content and size of the z-pins 
on the high temperature properties of carbon/epoxy joints.  
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Chapter 8  
 
Conclusions 
8.1 Characterisation of the z-pinning process 
In unidirectional laminates the insertion of z-pins parts the fibres and creates both fibre 
misalignment and resin-rich regions. The size of the region of fibre misalignment increases 
with pin diameter and so does the misalignment angle, θ. The magnitude of the increase is not 
directly linear in that doubling the diameter of the z-pin does not double the length and width 
of the misaligned fibres or θ. When the separation space between z-pins is less than the length 
of the misaligned fibres such that the misalignment regions of adjacent pins overlap, the 
resin-rich regions connect to form continuous resin channels. The channels only form in the 
0° plies of quasi-isotropic laminates because the off-axis plies interrupt the development of 
the channels through-the-thickness of the material. The inclination angle of z-pins, φ, 
increased with their diameter. The compaction during the cure of the composite causes the 
largest offset in φ. Fibre crimp occurs asymmetrically on either side of an inclined pin and 
does not extend far from the z-pin.  
 
The thickness of unidirectional laminates and quasi-isotropic laminates both increase by 
approximately the same percentage as the volume fraction of the pins inserted. The volume of 
displaced fibre is larger than the thickness increase can accommodate so fibre compaction 
must account for the remaining volume of fibre displacement. Despite the increased 
thickness, the z-pinned laminate does not suffer from voids, porosity or other defects 
normally associated with swelling.  
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The process of pin insertion caused out-of-plane crimping, in-plane distortion and fracture of 
fibres near the z-pins. Crimping and distortion of fibres were exacerbated by pin rotation 
when excess pin length was sheared off and during laminate consolidation and cure. In 
unidirectional laminates, resin-rich regions formed adjacent to the pins and extended in the 
fibre direction; and the laminate swelled in the thickness direction that diluted the fibre 
volume fraction. Resin pocket formation and swelling were minimal in the quasi-isotropic 
laminates. 
 
8.2 Tensile properties of z-pinned laminates 
The Young’s modulus of laminates reinforced with 0.28 mm pins fell with increasing pin 
density to a degree that was consistent with the degree of swelling, i.e., slightly in the 
unidirectional laminates and not significantly in the quasi-isotropic laminates. The modulus 
fell at a greater rate for 0.51 mm pins (unidirectional laminates only), suggesting that, for 
these pins, it was affected significantly by fibre distortion, which rises with pin diameter.  
 
The tensile strength was degraded more than Young’s modulus by z-pinning. The strength 
decreased approximately linearly with increasing pin density and size, and at a greater rate in 
the unidirectional laminates than in the quasi-isotropic laminate. Key mechanisms are 
believed to be clusters of broken fibres near the z-pins, augmented in the unidirectional 
laminates by cracking in the resin pockets, where fibre straightening initiates and longitudinal 
splitting. Both the strength of flaws associated with fibre breaks and the propensity for resin 
pocket cracking could reasonably be expected to increase with pin density and diameter, 
accounting for the observed trends. The more modest strength loss to the quasi-isotropic 
laminates is attributed tentatively to the constraint of off-axis fibres, which suppresses resin 
pocket formation and longitudinal splitting cracks and perhaps minimised breakage damage 
to fibres. Comparison with other data in the literature reveals order-of-magnitude variability 
in the rate of strength loss with increasing pin density, which must presumably be attributed 
to differences in the details of the pin insertion process, via unknown mechanisms. Such 
variability may pose a significant barrier to more widespread use of pinning technology. 
 
The tensile fatigue lives of the unidirectional laminates and, to a lesser extent, the quasi-
isotropic laminates were also reduced substantially by z-pinning. Softening and damage of 
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misaligned fibre regions may be the primary fatigue mechanism, but this has not been clearly 
established.  
 
Trends in the rate of degradation of modulus, strength and fatigue life with pin diameter, at 
fixed pin area fraction, suggest that using finer pins than those used here might avoid 
significant property degradation. A goal of pin diameters less than approximately 0.1 mm 
would seem reasonable for this, based on the present data. However, it is not as clear that loss 
of strength in cyclic loading would be as easily avoided, because the fractional loss of fatigue 
strength to 106 cycles is similar for both diameter pins studied. 
 
Microstructural and geometric details such as specimen thickness should be regarded as 
critical elements of data reporting, since variations in fibre density can vary with processing 
and can easily be comparable to the knock-downs in modulus and even strength that can 
occur with z-pinning. 
 
8.3 Flexure properties of z-pinned laminates 
The effect of pin content and pin diameter on the flexural properties of woven carbon/epoxy 
laminates was determined. The flexural modulus of z-pinned composites remained relatively 
unchanged with modest z-pin volume content and diameter. The changes are less than 5%, 
which is good for structures which require modulus retention. The strength, however, was 
reduced with increasing pin content and diameter, and degrades by as much as 25% at the 
highest pin content and largest pin diameter. The change in strength with increasing pin 
volume content was caused by a change in failure mode. A high degree of delamination was 
present in the failed unpinned laminate which diminished as z-pin content increased. While 
delamination was suppressed at high pin contents, localised failure was induced along a row 
of z-pins which eventually became the failure site. The cause was identified as damage to the 
composite surrounding the z-pin in the form of fibre misalignment, fibre crimping, resin-rich 
zones and broken fibres. The change in strength with increasing pin diameter was caused by 
increased microstructural damage.  
 
The flexural fatigue curves for the composite with increasing pin content reflects the same 
strength reductions in monotonic tests. The slope of the S-N curve for the unpinned 
composite was not significantly affected by increasing pin content. This implies that the 
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monotonic strength reduction is the only performance penalty for z-pinned composites. Z-
pinning does not accelerate fatigue-induced damage, and the fatigue failure mode was the 
same as the monotonic failure mode.   
 
The fatigue performance could be predicted using a modified form of Basquin’s law. It 
required three experimental constants – the value of (i) m in the S-logN curve for the 
unpinned laminate, (ii) flexural strengths of the pinned and (iii) flexural strength of unpinned 
materials. This relation was expected to be sufficiently accurate to allow engineers to make 
quick design decisions without having to perform exhaustive testing. 
 
8.4 Lap joints 
Through-thickness reinforcement of co-cured composite lap joints (that did not contain 
adhesive) using z-pins was found to be an effective method for improving the ultimate tensile 
strength, elongation limit and fatigue life. For the processing methods and laminates used in 
this study, z-pinning increased the static strength by 40%, the elongation-to-failure by 55%, 
and the fatigue strength at 106 cycles by 40%. 
 
The tensile properties and failure mechanisms of lap joints are controlled by the volume 
content and diameter of z-pins. Pins inhibit delamination crack growth at the adhesive bond-
line and transfer loads even after bond-line cracking. The sequence of failure mechanisms 
that lead to ultimate failure for the joint undergoes a series of transitions with increasing pin 
content.  Unstable delamination propagation at the bond-line occurring in the absence of pins 
is replaced by stable crack growth followed by shear rupture of the pins at a low pin content 
(0.5%). At intermediate (2%) and high (4%) pin contents, delamination cracks are arrested. 
For a fixed volume content of z-pins, the static joint strength was marginally higher when the 
joint was reinforced with smaller pins (0.28 mm) than with larger pins (0.51 mm).  
Furthermore, the ultimate failure mechanism was changed from rupture of the laminate 
adherend in the joint reinforced with the thinner pins to delamination cracking in the joint 
containing the thicker pins, which ultimately failed by pull-out and/or transverse rupture of 
the pins. The load rate (over the range of 0.1 to 500 mm/min) had no significant effect on the 
ultimate strength or failure mode of the joint under monotonic loading. 
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Prior models of delamination crack propagation and the micro-mechanisms of pin 
deformation can account qualitatively for the observed changes in failure sequences as the pin 
diameter and content are varied.  While pinning inhibits delamination of the bond-line and 
can defer ultimate bond-line failure following cracking, it also tends to weaken the adherends 
due to damage to the in-plane fibres.  Therefore, the maximum benefit for static loading in the 
present study was found for the intermediate pin density of 2%. 
 
 
8.5 Elevated temperature single overlap joints 
This study has proven that the tensile properties of carbon/epoxy lap joints at elevated 
temperature can be greatly improved by z-pinning. The reinforcement of the joint with a 
modest amount of z-pins (2 vol%) increased the ultimate strength and elongation-to-failure 
limit by as much as 50% over the temperature range of 25 to 250°C. The properties between 
25 and 125°C were improved by the z-pins increasing the interlaminar shear strength between 
the adherends which suppressed bond-line fracture. This strengthening mechanism resulted in 
the z-pinned joint failing at high stress by tensile rupture of the adherend, which is the 
optimum failure mechanism. Above 125°C the properties were increased by debonding and 
pull-out of the z-pins that created a large-scale bridging zone which transferred the applied 
stress across the adherends. At high temperatures the joint eventually failed by pull-out and/or 
fracture of the z-pins. The preliminary research has shown that z-pinning is a highly effective 
technique for increasing mechanical properties of composite joints at elevated temperature. 
Further work is in progress to assess the effects of the volume content and size of the z-pins 
on the high temperature properties of carbon/epoxy joints.  
 
8.6 Further research into z-pinned composites 
In-plane Compression Properties of Z-Pinned Laminates 
This thesis has studied the effect of z-pinning on the tensile and flexural properties of 
carbon/epoxy laminates. However, the effect of pinning on the compressive properties have 
not been completely studied. Steeves and Fleck [19] showed that the compressive strength is 
degraded in the presence of pins due to fibre crimping that promotes tow kinking. It is 
proposed that a comprehensive study of the effect of z-pin content and pin diameter on the 
compressive modulus, strength, fatigue life and failure mechanisms be determined, and 
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related to microstructural damage caused by the z-pinning process. Analytical models relating 
the crimp caused by pinning on the expected knock-down on compressive kinking stress 
could be developed using the Budiansky and Fleck [77] model. 
 
In-plane Properties of Laminates Reinforced with Nano-Sized Pins 
The work conducted for this thesis showed that the elastic modulus and strength of flat 
laminates and the ultimate strength of lap joints improves by reducing the pin diameter (for a 
fixed pin content). The minimum size of commercially available pins is ~ 0.3 mm, but the 
results indicate the finer pin sizes will be less detrimental to the in-plane properties. A 
promising area of study is the theoretical and experimental evaluation of the effect of pin 
diameter from the nanometer (eg. carbon nanotubes as pins) to the micron size (eg. individual 
fibres as pins) up to the conventional sub-millimetre size range.  
 
In-plane Fracture Toughness of Z-Pinned Laminates 
The improvements in the delamination fracture toughness of laminates due to z-pinning is 
well known, as reported in Chapter 2. However, the effect of pinning on the in-plane fracture 
toughness has not been evaluated. It is possible that the microstructural damage caused by z-
pinning, particularly resin-rich pockets and continuous rich channels, may facilitate crack 
propagation in composites when the crack direction is parallel to the fibre direction. This 
study could experimentally evaluate the effect of pin content and pin diameter on the in-plane 
fracture toughness of unidirectional laminates (which may be susceptible to fracture splitting 
along the resin channels) and cross-ply laminates (where splitting is suppressed).   
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